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Carnitine O-acetyltransferase (CRAT) is a crucial enzyme involved in mitochondrial energy metabolism. Alterations in CRAT activity
have emerged as significant contributors to the pathogenesis of Leigh syndrome and related mitochondrial disorders. In this study
we employed an integrated approach combining in silico docking analysis and virtual screening of chemical libraries with
subsequent in vitro validation to identify small molecule modulators of the activity of the wild type (WT) CRAT and the p.Tyr110Cys
(Y110C) variant associated to an early onset case of Leigh syndrome. Through 3D molecular modeling, docking simulations, and
virtual screening of chemical libraries, potential CRAT modulators were prioritized based on their predicted binding affinities and
interactions with the 3D models of the WT-CRAT and of the p.Tyr110Cys-CRAT mutant. The performed in silico analyses were
validated through in vitro assays on the purified recombinant CRAT proteins and cell-lysates from control fibroblasts and the
fibroblasts of a patient with genetic diagnosis of CRAT-deficiency, carrying the compound heterozygous missense variants in the
CRAT gene, namely p.Tyr110Cys and p.Val569Met. Based on the above screening by applying the indicated filtering strategy and
mentioned criteria, 3 commercially available approved drugs (also known for their possible interactions with mitochondria) namely
glimepiride, artemisinin and dorzolamide, as well as suramin (already known for its ability to interact with mitochondrial proteins)
were tested in in vitro assays. We found that suramin (1—1000 uM) dose-dependently inhibited the activity of both WT-CRAT and
p.Tyr110Cys_CRAT variant. Artemisinin (0.1-200 uM) dose-dependently stimulated the activity of the recombinant p.Tyr110Cys
CRAT mutant, whereas glimepiride and dorzolamide did not change the activity of these proteins towards acetyl-CoA. This study
demonstrates the effectiveness of this combined approach in identifying novel compounds for modulating CRAT enzyme activity,

providing valuable insights for potential therapeutic interventions targeting CRAT-related disorders.
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INTRODUCTION
Leigh-like syndrome, characterized by progressive neurodegen-
eration, mitochondrial impairment, and metabolic dysfunction,
represents a heterogeneous group of disorders with diverse
genetic aetiologies [1-7]. Among the implicated factors, altera-
tions in the activity of Carnitine O-Acetyltransferase (CRAT), a
crucial enzyme involved in mitochondrial energy metabolism,
have emerged as significant contributors to the pathogenesis of
Leigh syndrome and related mitochondrial disorders [1].

CRAT catalyses the reversible transfer of acyl-groups (with
different efficiency depending on the length and branching of the
acyl chain) between carnitine and coenzyme A (CoA) and thus its

activity is linked to acetyl-CoA/carnitine shuttle system on
mitochondrial membrane. In this way, CRAT plays a pivotal role
in the regulation of acyl-CoA/CoA ratio into mitochondrial matrix,
which leverages on a plethora of pathways, including energy
production through B-oxidation [1, 71.

Dysregulation of CRAT activity has been implicated in the
disruption of mitochondrial function, leading to impaired energy
production, oxidative stress, and ultimately cellular dysfunction
[1, 7]. In particular, genetic mutations affecting CRAT have been
identified in patients with Leigh-like syndrome, underscoring the
importance of this enzyme in mitochondrial homeostasis and
neurological function [1, 8].

"Department of Biosciences, Biotechnologies and Environment; University of Bari “Aldo Moro”, 70125 Bari, Italy and *Laboratory of Biochemistry, Structural and Molecular Biology,
Department of Pharmacy — Pharmaceutical Sciences, University of Bari “Aldo Moro”, 70125 Bari, Italy

Correspondence: Anna De Grassi (anna.degrassi@uniba.it) or Mariateresa Volpicella (mariateresa.volpicella@uniba.it) or Ciro Leonardo Pierri (ciro.pierri@uniba.it)

These authors contributed equally: Lucas Cafferati Beltrame, Maria Noemi Sgobba, Luna Laera

Received: 31 August 2024 Accepted: 16 November 2024
Published online: 16 December 2024

© The Author(s), under exclusive licence to Shanghai Institute of Materia Medica, Chinese Academy of Sciences and Chinese Pharmacological Society 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-024-01435-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-024-01435-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-024-01435-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-024-01435-0&domain=pdf
mailto:anna.degrassi@uniba.it
mailto:mariateresa.volpicella@uniba.it
mailto:ciro.pierri@uniba.it
www.nature.com/aps

Modulators of CRAT variants in Leigh syndrome
L Cafferati Beltrame et al.

The critical role of CRAT in mitochondrial metabolism, cell
viability, and the pathogenesis of Leigh syndrome highlights the
importance of identifying small molecule modulators of CRAT
activity, as potential therapeutic interventions. Computational
methods, based on structural comparative analyses, molecular
docking and virtual screening of chemical libraries, have emerged
as valuable tools for the identification and optimization of lead
compounds targeting specific enzymes [2, 9-12]. These in silico
approaches offer the advantage of screening a vast chemical
space to prioritize potential candidates for further experimental
validation [9, 10, 13].

In this study, we present an integrated approach that combines
computational docking analysis and virtual screening with
subsequent in vitro validation to identify novel modulators of
CRAT enzyme activity. Leveraging three-dimensional (3D) model-
ing analyses of the wild-type (WT) CRAT and of the p.Tyr110Cys-
CRAT proteins, we conducted virtual screening of chemical
libraries to prioritize compounds with the potential to interact
with key residues involved in CRAT activity. Furthermore, the
accuracy of our computational predictions was rigorously
validated through in vitro assays using recombinant CRAT proteins
and cell lysates from a patient carrying the p.Tyr110Cys and the
p.Val569Met variants, confirming the efficacy of identified
compounds in modulating CRAT activity.

Through this integrated approach, we aim to contribute to the
development of novel therapeutic strategies for the treatment of
Leigh (and Leigh-like) syndrome and related mitochondrial
disorders caused by CRAT impairment. At the same time, our
study might represent a reference for investigating the activity of
other enzymes with missense mutations causing a partial loss of
function, involved in the onset of Leigh syndrome, aiming to
identify selective modulators directed towards the investigated
enzymes for stimulating/ameliorating their impaired activity.

MATERIALS AND METHODS

Strains and materials

XL-1 blue cells (Stratagene, San Diego, USA) were used as bacterial
host, while Rosetta™ 2(DE3) competent cells (Novagen®, Darm-
stadt, Germany) were used for the expression of the recombinant
proteins. Unless specifically indicated, all DNA manipulations were
performed according to standard procedures. The wild-type CRAT
mRNA sequence (NM_000755.4) and a 5 6xHis-tag were
assembled into a pET-21a(+) plasmid purchased from Genscript®
(New Jersey, USA) (OHu15347). The p.Tyr110Cys recombinant pET-
21a(+) plasmid was obtained as previously described [1] and was
checked by Sanger sequencing using the Eurofins Genomic
Support (Luxembourg, Luxembourg).

Acetyl-CoA  (A2056), L-carnitine (C0158), dorzolamide
(SML0468), glimepiride (G2295) and suramin (S2671) were
purchased from Sigma (Saint Louis, USA); artemisinin (sc-202960)
was purchased from Santa Cruz Biotechnology (Dallas, USA).

Expression and purification of recombinant CRAT proteins

The expression of the recombinant WT-CRAT and p.Tyr110Cys CRAT
variant was obtained after 5h induction with isopropyl 3-D-1-
thiogalactopyranoside (IPTG) at a final concentration of 1 mM,
following the protocol reported in [1]. Expressed bacterial cells were
then collected by centrifugation at 6000 rpm for 10 min at 4°C,
diluted in buffer solution (0.5M NaCl, T0mM PIPES pH 7.0)
containing 10 mM imidazole and lysed with French press. After
centrifugation at 14,000 rpm for 20 min at 4 °C, the supernatant was
incubated with a nickel-charged resin (Ni-NTA Agarose, QIAGEN,
Hilden, Germany) under shaking. The nickel-charged resin was
washed using buffers at increasing concentrations of imidazole to
remove nonspecific-bounded proteins, and CRAT proteins were
finally eluted using a 100 mM imidazole buffer solution. The purity
of recombinant CRAT proteins was assessed by 12% SDS-PAGE. All
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the purified recombinant proteins were concentrated using the
Amicon® Ultra 0.5 mL Centrifugal Filters 30K (Merck Millipore,
Burlington, USA) and then resuspended in storage buffer (25 mM
Tris/HCl pH 7.3, 1T mM EDTA, 100 mM glycine, 10% glycerol, 0,05%
sodium azide). The concentration of the purified recombinant
proteins was determined using the standard curve produced with
BSA at triplicate points of 1, 2, 3, 4, and 5 pug.

Activity assays on the recombinant CRAT in the presence of the

investigated molecules

CRAT specific activity was measured by a spectrophotometric assay
using the Varian Cary® 50 UV-Vis Spectrophotometer (Agilent,
Santa Clara, USA), as already reported in [1]. The different
molecules were solubilized as 10x stocks as reported: i) suramin
at 10 mM in ultrapure water; ii) a stock of 155 mM of dorzolamide
in DMSO was diluted to 10 mM in ultrapure water; iii) glimepiride at
10 mM in DMSO, and iv) artemisinin at 100 mM in DMSO, following
diluted at T mM in ultrapure water. All reactions were carried out in
a final volume of 1 mL. Baseline measurements of absorbance were
performed by incubating for 1min the first sample aliquot
(containing 300 ng of protein) in a reaction buffer (50 mM Tris-
HCl pH 8.00, 1 mM EDTA pH 8.00, 0.1 mM DTNB, 0.1 mM acetyl-
CoA). Then the reaction was started by adding carnitine (at the
final concentration of 2 mM in the cuvette) and the enzyme activity
was then monitored in the absence (Control) or in the presence of
the investigated molecules by measuring the rate of reduction of
DTNB to TNB (412nm) for a further 4min. The absorbance
variation in the linear range (about 2 min) was used for the specific
activity calculation. All control tests (without molecules) were
performed in water (i.e. used as a control for suramin that was
solubilized in water) or in the presence of the same DMSO
concentration used in the assays performed in the presence of the
molecules solubilized in DMSO (i.e. artemisinin, glimepiride,
dorzolamide). All the assays were performed at least in triplicate.

Determination of CRAT enzymatic activities in cultured fibroblasts
Primary dermal fibroblasts were cultured at 37°C, 5% CO, in
DMEM High gluclose (Elabscience Houston, USA, PM150210A),
with 20% FBS (Euroclone, Pero, Italy, ECS0180L) and 1% penicillin-
streptomycin (Euroclone, ECM0010D). 90% confluent cells were
harvested with 0.25% trypsin treatment (Elabscience, PB180225)
and counted (Luna Il Automated Cell Counter).

Citrate synthase activity was assessed using a spectrophoto-
metric assay [14]. Subsequently the same protocol was adapted
for measuring carnitine acetyltransferase activity [1]. Briefly,
2 x 10° control fibroblasts and 2 x 10° patient fibroblasts (carrying
the compound heterozygous missense variants in the CRAT gene,
namely p.Tyr110Cys and p.Val569Met [1]) were lysed with a cell
lysis buffer (150 mM KCl, 25 mM Tris-HCI pH 8.00, 2 mM EDTA pH
8.00, 10 mM KH,PO,, 0.1% BSA and 30 uM digitonin) and the
protein concentration quantification was performed by DC protein
assay purchased from BIO-RAD (Hercules, USA). The obtained
samples from control fibroblasts and from patient fibroblasts were
divided in two series of aliquots. Baseline measurements of
absorbance (Varian spectrophotometer, Cary 50 UV-Vis) were
obtained by incubating the first sample aliquot, namely 30 ug of
proteins from control fibroblasts or from patient fibroblasts
(1 min), in a reaction buffer (50 mM Tris-HCl pH 8.00, T mM EDTA
pH 8.00, 0.1 mM DTNB, 0.45mM acetyl-CoA). Citrate synthase
activity was determined by measuring the rate of reduction of
DTNB to TNB (412 nm) by the free CoA-SH liberated from acetyl-
CoA after adding 2 mM oxaloacetic acid and monitoring for 5 min.
Carnitine acetyltransferase was determined on the second sample
aliquot (30 pug of proteins from control fibroblasts and patient
fibroblasts) using the same protocol and replacing 2mM
oxaloacetic acid by 2mM L-carnitine. All the assays were
performed on cell-lysates in the presence and absence of the
artemisinin solubilized in DMSO at two different concentrations
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(0.01 and 0.1 mM) in the reaction volume (1 mL). For each assay,
10uL of the prepared artemisinin solutions at the indicated
concentrations, or 10 uL of DMSO, or 10 uL of ultrapure water, as
control, wasemployed in the analysis. The final reaction volume
contained 1% DMSO (v/v) in assays involving artemisinin and in
corresponding assays with DMSO alone. The absorbance variation
in 2 min was used as a relative estimate of enzymatic activity.

Statistical analysis

All in vitro experiments were conducted in three independent
replicates. Data are presented as mean = SEM for the enzymatic
activity determination. K, and Vi, values are shown with 95%
confidence intervals and asterisks (***) denote non-overlapping
95% confidence intervals between WT protein and the
p.Tyr110Cys variant, as previously described [1]. For the dose-
response experiments, ICsq values for suramin and ECs, values for
artemisinin were calculated according to well established proto-
cols [10, 15]. Comparative analyses were performed using the t-
test, with statistical significance defined as P-value <0.05
(*P < 0.05; **P<0.01; ***P<0.001). All statistical analyses were
performed using GraphPad Prism v.8.0.1.

3D comparative modeling of CRAT p.Tyr110Cys mutant protein
The PyMOL software was used to visualize the high-resolution
crystallized structure of the wild-type human CRAT protein
(1nm8.pdb, resolution 1.8 A [16]). The binding poses and atomic
coordinates of CRAT substrates, i.e. carnitine, CoA, acetyl-CoA,
within the studied CRAT protein structure (1nm8.pdb, [16]) were
obtained as previously described [1]. More in detail, the structure
of the available Crat proteins crystallized in complex with
carnitine, CoA and acetyl-CoA (the murine 2h3p.pdb, resolution
2.2 A [17), or with carnitine and CoA (the murine 2h3u.pdb), were
superimposed to the human CRAT (1nm8.pdb) and the coordi-
nates of the substrates taken from the cited crystallized structures
superimposed to Tnm8.pdb were duplicated and saved in a new
“pdb” file together with the human CRAT (from 1nm8.pdb).
Acetylation of carnitine was obtained in silico by using the build
tool implemented in PyMOL, as previously reported [1].

The 3D model of the CRAT p.Tyr110Cys mutant protein was
generated by using the in silico mutagenesis analysis tool
implemented in PyMOL according to protocols previously
described [1, 9].

Three cycles of 100 steps of steepest descent energy minimiza-
tion were performed on the WT protein refined from 1nm8.pdb
structure, as well as on the generated p.Tyr110Cys 3D mutant
model, by using the energy minimization tool implemented in
SwissPDBViewer (SPDBV), and the correct 3D model packing was
verified also by manual inspection by PyMOL.

Docking analysis
To find highly selective ligands for the investigated CRAT binding
region we performed a virtual screening of an in-house developed
chemical library by using AutoDock 4 [10, 18, 19]. The chemical
library used for the Virtual Screening contains 10977 ligands
including: drugs, natural and synthetic compounds, toxins,
metabolism products and biologically active substances. The
main sources for these molecules are the freely available
KEGG_DRUG and KEGG_COMPOUNDS [10, 20] databases (all the
selected molecules show a molecular weight between 5 and 2100
Dalton). The molecules of the library have been optimized with
openBabel [21] by generating energy-minimized 3D conformers
before being used in the virtual screening. The charges associated
with molecules in the library were determined by openBabel
based on their protonation states at pH 7.8 (typically observed in
the matrix of mammalia mitochondria [22-24]) before performing
docking analysis.

Before proceeding with the virtual screening, the CRAT wild-
type protein and the CRAT p.Tyr110Cys mutant were prepared for
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the docking simulation converting both protein “.pdb” files in a
“pdbqt” file by using the MGLTools of Autodock [10, 19]. The
“.pdbqt” file contained gasteiger charges for every atom present in
the original and mutant CRAT “.pdb” files. Similarly, all the ligands
(“mol2” files) contained in our chemical library (energetically
minimized) were converted in “pdbqt” files for the virtual
screening by using the Autodock scripts [10, 19].

In order to validate our docking protocols, firstly we performed
a set of re-docking simulations [9, 10] by using Autodock 4.2, on
the WT protein deprived of carnitine, by varying gridbox size and
center, aiming to reproduce the same carnitine poses obtained in
the reference structure consisting of the superimposed CRAT
atomic coordinates, taken from 1nm8.pdb, and carnitine/CoA
atomic coordinates, taken from the 2h3u.pdb protein complex.

For each re-docking simulation the parameter “rmstol” was set
to 1.5 A; the parameter “ga_pop_size” was set to 150, the
parameter “ga_num_evals” was set to 2.5x 10°, the parameter
“ga_num_generations” was set to 2.7 x 10%. The number of top
individuals to survive to the next generation was set to 5 and a
ranked cluster analysis of the 50 ligand poses generated was
performed. For details about the significance of the above
reported parameter names see Morris et al. [25].

The gridbox that better reproduced the pose of the wild-type
CRAT in complex with carnitine (according to the procedure above
described) consists of 52x58x62 gridpoints in the x-y-z
Cartesian space centered on the point of coordinates 44.16 (x),
27.909 (y), 9.805 (z). The spacing, namely the distance between
adjacent gridpoints within the gridbox, was set to 0.286 A.
Obtaining a good re-docked conformation (i.e., a pose of the
carnitine-ligand within the carnitine substrate binding region very
similar to the carnitine pose observed in the crystallized complex)
allows establishing residues most likely directly involved in
interactions with carnitine. The re-docked conformation and the
reference carnitine ligand have been used as a reference system,
e.g. to classify all the screened ligands as probable higher affinity
or lower affinity small molecules, by using as discriminant and
positive control, the relative binding energy calculated for the best
re-docked CRAT-carnitine protein-ligand complex conformation.

Before proceeding with the virtual screening, a single docking
analysis of carnitine in the CRAT p.Tyr110Cys mutant model (in
the absence of carnitine) was also performed by using the same
gridbox employed in the above-cited re-docking analysis.

Being the mutation p.Tyr110Cys the only difference between
the investigated mutant and the wild-type protein, we used the
same gridbox consisting of 52 x 58 x 62 gridpoints in the x-y-z
Cartesian space centered on the point of coordinates 44.16 (x),
27.909 (y), 9.805 (z) for screening our ligand library with the goal
to find a small molecule that can mimic the aromatic portion of
the native tyrosine 110 residue observed in the WT protein. The
carnitine ligand was maintained during the docking-based virtual
screening in the native position observed in the above cited WT-
CRAT-carnitine complex structure, aiming to find a molecule able
to bind close to the mutation position C110, for mimicking the
Y110 natively present in the WT.

In our docking-based virtual screening we chose to use the
Lamarckian Genetic Algorithm [10, 26]. For each ligand of our
library 20 runs were performed; the parameter “rmstol” was set to
0.5; the parameter “ga_pop_size” was set to 150 and the
parameter “ga_pop_evaluations” was set to 1x 10°%. At the end
of the simulation, we built a list sorted by energy of the lowest
energy docking for each ligand for a total of 10,008 successfully
screened ligands (the complete list is available upon request).

Among the remaining 969 ligands, 245 ligands produced
positive binding values most likely due to their great size. 33 out
of the 245 ligands are approved drugs and for this group of drugs,
it was chosen to perform a second screening by using a dedicated
gridbox with the same gridcenter of the one used in the re-
docking simulation but with more gridpoints (88, 88, 88 gridpoints
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along the x, y, z axis, respectively). Carnitine ligand was mantained
in the carnitine binding pocket also in this second small screening
of the 33 drugs.

From the docked ligands, four molecules were chosen for other
dedicated analysis. More in detail, a single docking analysis with
the four selected molecules was performed, in the gridboxes
prepared as above described, either on the wild-type CRAT or on
the CRAT p.Tyr110Cys mutant protein, in the presence and
absence of the carnitine substrate.

Choice of molecules predicted with high affinity for the

in vitro assays

It was chosen to test in vitro a restricted set of molecules with a
predicted negative binding energy for the carnitine binding
region within the CRAT protein, based on the below reported
criteria:

1. the existence of known pharmacological properties of the
selected molecule;

2. known relationships between the selected molecules and
mitochondria;

3. known relationships between the selected molecules and
carnitine or proteins able to interact with carnitine;

4. their solubility and compatibility with the experimental
setup;

5. number of atoms/torsions in relation to the gridbox size;

6. the ability of the molecules to bind a region close to the
p.Tyr110Cys mutation, ideally conferring the ability to re-
orient carnitine ligand towards its correct binding pose in
the p.Tyr110Cys CRAT mutant protein.

RESULTS

3D molecular modeling of p.Tyr110Cys CRAT mutant and re-
docking analysis

To build the p.Tyr110Cys CRAT mutant protein we used the
mutagenesis tool implemented in PyMOL to replace the Y110
residue with a cysteine residue. The replacement of Y110 with a
cysteine residue caused a local re-arrangement of the helix at the
level of the investigated mutation and an increase in the distance
from the substrate, even more visible after the energy minimiza-
tion (Fig. 1).

It is observed that residues within 4A either from the
crystallized or from the docked carnitine in the wild-type protein
are the same. Among them, H343, E347, Y452, S454, T465, S552,
T553, V569 and F566 form a pocket with aromatic/hydrophilic
features surrounding carnitine ligand (Fig. 1c).

Conversely, the docking of carnitine in the p.Tyr110Cys mutant
produces a re-oriented pose of carnitine in the explored binding
region including a set of interactions with different residues such
as A106, Y107, 1116, Y117, P120, and with residues H343, F566
already bound by carnitine in the WT protein (Fig. 1d).

Re-docking on the wild-type protein

The re-docking simulation allowed us to define a specific gridbox
for the human CRAT that was able to reproduce the crystallized
protein—substrate complex with high fidelity. The root mean square
deviation (RMSD) between the coordinates of the ligand in the
crystallized complex and the best “re-docked” pose coordinates,
obtained by using Autodock, was equal to 1.1A Fig. 1c. The
resulting binding energy calculated by Autodock was equal to
—3.55 kcal/mol. The same gridbox was used for docking carnitine in
the p.Tyr110Cys CRAT mutant, providing the docked-pose

Fig. 1 3D structure of the CRAT wild-type protein and of the p.Tyr110Cys investigated 3D mutant. a WT-CRAT protein 3D crystallized

structure is reported in white cartoon representation. Y110 is reported in white sticks. The dashed line indicates the distance of 8.3 A between
Y110 and carnitine. b The p.Tyr110Cys CRAT mutant is reported in white cartoon representation and C110 is reported in pink sticks. Carnitine
and CoA are reported in both panels in magenta sticks and orange lines, respectively. The dashed line indicates the distance of 10.6 A
between C110 and carnitine. ¢ Re-docking of the carnitine ligand in the wild-type CRAT. The RMSD between atomic coordinates of the
reference carnitine structure (magenta) and the docked carnitine ligand (green) was 0.9 A. Tyrosine 110 is reported in cyan sticks. d Docking of
the carnitine ligand in the p.Tyr110Cys CRAT mutant protein. The generated docked poses of carnitine did not overlap at all with the reference
carnitine structure (magenta sticks). The carnitine pose docked within p.Tyr110Cys mutant CRAT with the highest binding energy is reported
in salmon. CoA is reported in orange lines also in panels ¢ and d. Residues within 4 A from the docked carnitine in the wild-type and mutant
proteins are reported in cyan sticks. Both docking analyses were performed by using the first gridbox described in the methods.
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observable in Fig. 1d, which showed no superimposition with the
carnitine ligand observed in the crystallized structure and appeared
much closer to the cysteine residue. The resulting binding energy
calculated by Autodock was equal to —3.78 kcal/mol.

Virtual screening on the p.Tyr110Cys mutant in the presence of
carnitine ligand whose coordinates were taken from the
crystallized pose

Given that the investigated mutant showed only the replacement
of Y110 with a cysteine, we decided to use the same gridbox for
performing a docking-based virtual screening of our chemical
library on the human p.Tyr110Cys CRAT mutant 3D model. The list
sorted by energy of the 10,008 out of 10,977 successfully screened
ligands showed a free energy of binding between —18.6 and
—0.03 kcal/mol, number of atoms between 2 and 67, number of
torsions between 0 and 31.

The first 399 molecules, showing a free energy of binding
between —18.6 and —10.01 kcal/mol (number of atoms between
23 and 59; number of torsions between 0 and 25), were excluded
from the following analyses because we considered very high the
likelihood to find strong inhibitors among those molecules that
appear very good binders, whereas we were more interested in
finding an activator of the CRAT mutant.

We also excluded the last 1774 molecules showing a free
energy of binding between —5.00 and —0.03 kcal/mol (number of
atoms between 2 and 67; number of torsions between 0 and 31)
for the high likelihood to identify ineffective ligands (among those
molecules) given that the free energy of binding of those ligands
was close to the free energy of binding estimated for carnitine
(—3.78 kcal/mol).

Then, we searched along the list of the remained 7835 screened
docked ligands for small molecules already approved as drugs and
we recognized 1212 small molecules (drugs) still showing a free
energy of binding between —10.00 and —5.01 kcal/mol.

From those molecules we excluded by visual inspection and
literature search those that might present solubility problems (ie.,
molecules whose solubility in water/DMSO was not described) and/
or compatibility problems with the experimental set-up (i.e. ligands
with free thiol groups, which may interact with DTNB/CoA, or
colored ligands that can interfere with our absorbance reads at
412 nm were automatically excluded). As an example, cardiogreen,
reactive-blue, beta carotene, and brucine were excluded at this level
from the following analyses for their abilities in creating inter-
ferences with our spectrophotometric assay (with reads at 412 nm).

In addition, we searched on ChEMBL [27] for described interac-
tions between the investigated molecules and mitochondria and/
or carnitine and/or enzymes able to interact with carnitine and we
excluded those molecules that did not show those interactions. In
example, meticrane, argatroban, ramatroban, tetranactin, pazu-
floxacin, benzthiazide, and rottlerin were excluded at this stage
from the following analyses because no piece of evidence about
their possible interactions with mitochondria and/or carnitine
metabolism has been proposed, yet.

Notably, 969 out of the 10,977 tested ligands showed a positive
binding energy, between +0.01 and 987,000 kcal/mol (number of
atoms between 23 and 105; number of torsions between 0 and
32). Given that some molecules (out of the 10,008) hosting 59 or
67 atoms have been successfully docked, providing negative
binding energies along docking simulations, it was considered
that the tested gridbox was too small for allowing molecules with
a number of atoms between 68 and 105 (245 molecules, among
which 33 approved drugs) to correctly explore it, to establish
stabilizing interactions with residues of the investigated pocket.
For verifying if the gridbox size was the real problem, a dedicated
gridbox with the same gridcenter but more gridpoints (88, 88, 88)
was tested on the 33 approved drugs (out of the 245 molecules
cited above). The list sorted by energy of the 28 out of the 33
drugs successfully screened showed a free energy of binding
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between —16.89 and —4.17 kcal/mol, number of atoms between
69 and 98, number of torsions between 9 and 31. The complete
list of the screened molecules in the two virtual screenings is
available upon request. At the end of the above screening, by
applying the indicated filtering strategy and mentioned criteria,
we decided to test in in vitro assays 3 commercially available
approved drugs (also known for their possible interactions with
mitochondria) chosen from the first larger screening, namely
glimepiride, artemisinin, and dorzolamide. In addition, 1 more
molecule was chosen from the small screening of the above cited
33 drugs, namely suramin (already known for its ability to interact
with mitochondrial proteins), to be tested in in vitro assays. The
selected four molecules showed negative binding energies, being
the first three in the —5.5 / —9.26 binding energy range, whereas
suramin showed —11 kcal/mol (Fig. 2).

The docking analysis of the first three molecules provided
strong indications for the possible binding of a protein region
located between the region hosting C110 and the carnitine pose
observed in the wild-type crystallized protein (see Fig. 3), whereas
suramin appeared to behave as a plug fulfilling all the explored
binding cavity.

The four selected molecules were thus re-docked on the wild-
type CRAT (in the absence and presence of carnitine) to verify how
the orientation of the investigated molecules changed in
the presence of the native Y110 within the investigated binding
pocket, either in the presence or in the absence of the carnitine
ligand. It was observed that the presence of Y110 pushes the
ligands closer to the region normally occupied by carnitine, if the
carnitine is not maintained in the docking analysis. l.e., artemisinin
and dorzolamide in the absence of carnitine almost overlaps
carnitine (reported in lines representation for comparative
purposes, Fig. 4b, e, respectively) compared to what happens in
the presence of carnitine (reported in sticks representation,
Fig. 4a, d). In addition, the presence of carnitine causes a re-
orientation of dorzolamide and glimepiride to the bottom portion
of the investigated pocket, as can be observed from the formation
of new interactions between dorzolamide/glimepiride and T465
(Fig. 4e, h). Conversely, artemisinin appears to locate closer to the
upper region of the investigated pocket (as demonstrated by the
presence of 1116 within 4 A from artemisinin, Fig. 4b).

The larger suramin continues to occupy a similarly located
region at the entry of the investigated pocket hosting carnitine in
the crystallized structure forming interactions with the more
external T105, L521, M547, F549 residues, both in the WT-CRAT
and the CRAT-p.Tyr110Cys mutant, either in the presence or
absence of carnitine, although in the absence of carnitine it
appears to penetrate at a deeper level the investigated binding
pockets (Fig. 4j-I).

Expression of the recombinant WT-CRAT and p.Tyr110Cys CRAT
mutant proteins

The recombinant proteins, WT-CRAT and p.Tyr110Cys
CRAT mutant, were expressed in Escherichia coli Rosetta 2(DE3)
and then purified using affinity chromatography as reported in
Materials and Methods (Fig. 5). The apparent molecular weight of
the purified proteins was around 65 kDa, in good agreement with
its theoretical molecular mass (calculated value starting from
methionine, 70.7 kDa) (Fig. 5, lanes 3 and 6). As shown in Fig. 5
(lanes 1/2 and lanes 4/5), the two recombinant proteins were not
detected in bacteria harvested immediately before the induction
with IPTG. The yield of the purified proteins, quantified by SDS-
PAGE analysis (see Fig. 5) was around 2.48 g for WT-CRAT and
3.35g for the p.Tyr110Cys CRAT mutant, per liter of culture.

Activity assays of the recombinant WT-CRAT and p.Tyr110Cys
proteins

The enzyme activity of the recombinant 6xHis-tagged WT-CRAT and
p.Tyr110Cys CRAT mutant, expressed in Escherichia coli and purified
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Fig.2 Free energy of binding (LE_LC, expressed in kcal/mol) calculated by autodock for the selected 4 molecules. The LE_LC (namely the
energy of the Lowest Energy conformation in the Largest Cluster identified along autodock runs) for the re-docking of carnitine in the WT-
CRAT or in the p.Tyr110Cys variant is reported in green characters or red characters, respectively, for comparative purposes. All the other free
energy of binding of the investigated molecules for the WT-CRAT or for the CRAT-p.Tyr110Cys mutant were calculated either in the presence
or in the absence of the carnitine ligand. 2D structures of the assayed ligands are also reported.

using affinity chromatography, was tested at several concentrations
(1-100 uM) of acetyl-CoA, namely the main CRAT-specific substrate
in mitochondria. The estimated Michaelis-Menten constant (K,
and maximum activity rate (V. of acetyl-CoA for WT-CRAT were
2039uM, and 1722 pmolmin~"mg~' protein, respectively,
whereas the corresponding parameters for the p.Tyr110Cys variant
were 14.92 uM, and 107.1 pmol-min~"-mg~" protein. Each recombi-
nant enzyme's activities adhered to the classical Michaelis-Menten
kinetics model (Fig. 6a), enabling the determination of the V., and
the K, of WT-CRAT and p.Tyr110Cys_CRAT proteins for acetyl-CoA.
The CRAT p.Tyr110Cys variant predominantly affected interactions
with acetyl-CoA, resulting in a reduction of both K, for acetyl-CoA
(Fig. 6b) and V.« (@ loss of 38% in V,.x compared to wild-type
Vinaxe Fig. 6C).

In addition, in order to estimate the ability of the screened
compounds in stimulating the activity of the investigated WT-
CRAT and p.Tyr110Cys CRAT mutant, a saturating concentration of
the substrate acetyl-CoA (100 uM), was incubated with the protein
in the presence (M) and absence (C) of the screened selected
compounds (dorzolamide, glimepiride, suramin and artemisinin)
(Fig. 6d). To start the reaction, 2 mM carnitine was added and the
reduction of DTNB was monitored as described in the methods
section in the presence (M) and absence (C) of the selected
molecules at the concentration of 1 mM except for artemisinin
that was incubated at 100 uM, since 1 mM artemisinin started to
precipitate in the tested conditions. Due to the fact that
artemisinin, dorzolamide and glimepiride need to be solubilized
in a DMSO/H,0 mix, each control for the three molecules was
performed considering the DMSO:H,0 ratio used to solubilize and
dilute each molecule (see the methods section) and assays were
performed in the presence (M, for testing molecules) or in
the absence (C, as a control) of the indicated molecules (Fig. 6d).
The final DMSO/H,0 ratio in the cuvette was 0.1% for artemisinin,
0.64% for dorzolamide, 10% for glimepiride. Notably, suramin was
soluble in water and the control test of suramin contained only
water and this control has been used also as a general control
(100% of CRAT activity, Fig. 6d). It is observed that the DMSO
employed at the indicated final % did not affect significantly the
activity of the investigated WT-CRAT and p.Tyr110Cys CRAT
variant (Fig. 6d).
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Glimepiride and dorzolamide did not result in significant activity
variations of the investigated proteins towards acetyl-CoA,
whereas suramin appears to severely inhibit the activity of both
WT-CRAT and p.Tyr110Cys CRAT variant (Fig. 6d). Conversely,
artemisinin appears to weakly stimulate the activity of p.Tyr110Cys
CRAT mutant (Fig. 6d).

To investigate in a more detailed way the effect of suramin
and artemisinin on the recombinant WT-CRAT and p.Tyr110-
Cys_CRAT variant proteins, a dose-response analysis was
performed in the presence of increasing concentrations of the
two molecules (range 1 uM - 1 mM for suramin, 0.1-200 uM for
artemisinin). It was observed that the WT-CRAT inhibition by
suramin was between 20% (at concentrations lower than 10 pM)
and >60% (at concentrations higher than 100 uM) with an
IC50 =48 UM on the WT-CRAT protein. Regarding p.Tyr110Cys,
suramin inhibition was between 50% (at concentrations lower
than 10 uM) and >80% (at concentrations higher than 100 pM)
with an ICso =49 puM (Fig. 6e). Conversely, the stimulation of the
activity of the p.Tyr110Cys CRAT mutant by artemisinin was
between 11% (at concentrations lower than 10 uM) and 22% (at
concentrations greater than 10 uM) with an ECso = 0.4 pM. No
evident stimulation effect mediated by artemisinin was
observed on the WT-CRAT (Fig. 6f).

In vitro assays on cell-lysates from control and patient fibroblasts
To further investigate the effect of artemisinin on CRAT activity,
the molecules were administered at two concentrations
(0.01mM and 0.1 mM) to cell-lysates obtained from control
fibroblasts or from fibroblasts derived from a patient carrying
the compound heterozygous missense variants p.Tyr110Cys and
p.Val569Met in the CRAT gene. CRAT activity was normalized for
citrate synthase (CS) activity estimated in parallel in the same
conditions. Considering that the normalized CRAT activity from
patient cells was 30% of CRAT activity observed in control
fibroblasts, the administration of artemisinin to cell lysates
prepared from patient fibroblasts increased the normalized
CRAT activity already at 10 uM and at a greater extent at 100 pM,
whereas a lower stimulation of CRAT activity was observed
on cell-lysates from control fibroblasts hosting the WT-CRAT
(Fig. 7).
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Fig. 3 Best poses of ligands artemisinin, dorzolamide, glimepiride, and suramin docked in the p.Tyr110Cys CRAT mutant. The best pose
of artemisinin (a, blue sticks), dorzolamide (b, orange sticks), glimepiride (c, light green sticks), and suramin (d, light yellow sticks) docked in
the p.Tyr110Cys CRAT mutant. C110 is reported in violet/yellow sticks, carnitine from the crystallized structure is reported in magenta sticks,
CoA from the crystallized structure is reported in orange lines, whereas the p.Tyr110Cys CRAT protein is reported in white cartoon
representation. Residues within 4 A from the docked ligands are reported in cyan sticks. The best poses of Artemisinin, Dorzolamide, and
Glimepiride were obtained by exploring the first described gridbox, whereas the reported best pose of Suramin was obtained by exploring
the second larger described gridbox. Dashed lines were used for indicating some H-bond interactions below 4 A for the first three molecules
in panels a-c. In the case of suramin, those interactions were not highlighted for making less complicate the reading of residues labels.

DISCUSSION

Although the oxidative phosphorylation is an ancient pathway,
selected along the evolution for generating ATP [28-30], present
in most living organism hosting mitochondria, it is involved in a
large network of pathways that can be seriously damaged by
mutations affecting either respiratory chain complexes, or ATP
synthase subunits, but also other proteins located within the
intermembrane space, or embedded in the inner mitochondrial
membrane, or located within the mitochondrial matrix, as also
observed for the investigated CRAT variants recently associated to
an early onset case of Leigh syndrome [1-3, 31, 32].

The case of CRAT variants

Between the two compound heterozygous missense variants
p.Tyr110Cys and p.Val569Met, seriously impairing CRAT function
and associated to an early onset case of Leigh syndrome [1], we
chose to investigate the p.Tyr110Cys mutation, more dramatic
from a structural point of view, attempting to rescue the
p.Tyr110Cys CRAT variant function.

The replacement of Y110 with a cysteine residue in the CRAT
protein resulted in a local rearrangement of the helix at the
mutation site [1], as expected for the replacement of a tyrosine
residue (more hydrophobic and performant in the stabilization of
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alpha helices) with a cysteine residue (more hydrophilic and
performant in the stabilization of beta-sheets) [33, 34].

Our molecular modeling and docking analyses based on well-
established protocols [9, 10] further revealed distinct orientations
of the carnitine ligand within the binding pocket of the
p.Tyr110Cys mutant compared to the wild-type protein, indicating
alterations in substrate binding due to the mutation (the RMSD
between the two docked poses was higher than 4 h).

Docking-based screening for predicting CRAT high-affinity ligands
Central to our investigation was the strategy of identifying small
molecule modulators capable of influencing CRAT activity.
Leveraging computational modeling and virtual screening tech-
niques [9, 10], we targeted the region surrounding the
p.Tyr110Cys mutation, strategically located near the carnitine
binding catalytic site [1]. By exploring this region in both wild-type
and mutant CRAT proteins, and in the presence or absence of the
substrate in the catalytic pocket, we aimed to identify compounds,
which continued to bind the p.Tyr110Cys mutant at the same level
(between the p.Tyr110Cys mutation and the carnitine pose
observed in the crystallized WT-CRAT), independently on the
presence of the carnitine ligand in docking analysis. This choice
was due to our goal to find molecules capable of correctly

SPRINGER NATURE



Modulators of CRAT variants in Leigh syndrome
L Cafferati Beltrame et al.

Fig. 4 Best poses of ligands artemisinin, dorzolamide, glimepiride, and suramin docked in the WT-CRAT in the presence of carnitine (left
column), WT-CRAT in the absence of carnitine (middle column), and p.Tyr110Cys CRAT mutant in the absence of carnitine (right column).
The best poses of artemisinin (a-c, blue sticks), dorzolamide (d-f, orange sticks), glimepiride (g-i, light green sticks), and suramin (j-I, light
yellow sticks) docked in the WT-CRAT in the presence of carnitine, WT-CRAT in the absence of carnitine, and p.Tyr110Cys CRAT mutant in
the absence of carnitine, respectively, are reported in the three panels of each row. Y110 is reported in cyan sticks, whereas C110 is reported in
violet/yellow sticks. Carnitine from the crystallized structure is reported in magenta sticks in panels a, d, g, and j, whereas it is reported as a
reference ligand in magenta lines in all the other panels, often behind the four docked molecules (as it could be observed by zooming-in the
figure). CoA from the crystallized structure is reported in orange lines in all the panels. Residues within 4 A from the carnitine reference ligand
are reported in cyan sticks. The best poses of artemisinin, dorzolamide, and glimepiride were obtained by exploring the first described
gridbox, whereas the reported best pose of suramin was obtained by exploring the second described larger gridbox.
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Fig. 5 SDS-PAGE analysis of the recombinant CRAT proteins. a Proteins were separated and stained with Coomassie Blue dye. Supernatant
of the lysed bacteria expressing WT-CRAT before (1) and after IPTG induction (2); purified WT-CRAT (3); supernatant of the lysed bacteria
expressing p.Tyr110Cys mutant before (4) and after IPTG induction (5); purified p.Tyr110Cys CRAT mutant (6). Black arrow indicates
recombinant CRAT proteins. b SDS PAGE analysis for the quantification of WT-CRAT purified protein. 1, 2, 3, 4 and 5 ug of BSA (lane 1-5);
purified WT-CRAT protein (lane 6). ¢ Standard curve calculation through ImagelLab software v6.1.

re-orienting the substrate within the pocket, even in the presence
of the Y110C mutation.

Finally, the re-docking of the selected molecules on the WT-
CRAT in the absence and presence of carnitine showed different
binding poses of the investigated ligands, compared to those
observed in the docking performed on the mutant proteins,
however, artemisinin, most likely due to its rigidity, was the ligand
that remained closer to Y110 or C110 in both docking series either
in the presence or in the absence of the carnitine ligand, despite
of what observed for dorzolamide (re-oriented towards the
bottom of the investigated pocket in the presence of carnitine)
and for the more hindering glimepiride (also re-oriented towards
the bottom of the investigated pocket in the presence of
carnitine).

This observation was important for our goal that was to find a
molecule able to bind at the level of C110, for mimicking
Y110 steric effect, to re-orient carnitine ligand towards its original
position observed in the crystallized WT protein. In this regard, it is
observed that artemisinin shows the lowest docking scores (in
terms of LE_LC), compared to glimepiride and dorzolamide.
Conversely, artemisinin shows the highest variation in the
obtained docking scores in the presence and absence of carnitine,
compared to glimepiride and dorzolamide. It is also observed that
artemisinin cannot undergo torsions, at variance with dorzolamide
and glimepiride. Conversely, artemisinin is the molecule that
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moves less in the explored pocket, either in the presence or in
thg absence of the carnitine substrate (as shown by residues in the
4 A from the ligand highlighted after the docking simulations).

In vitro binding assays for validating docking predictions
Subsequent experimental validation (according to ref. [1]) of the
four selected compounds (suramin, artemisinin, dorzolamide,
and glimepiride), chosen among already approved drugs,
confirmed the ability of two of them to modulate CRAT activity
in vitro. These compounds exhibited dose-dependent effects on
enzyme activity, supporting their specificity and potential
therapeutic utility.

More in detail, the first bioactive compound, namely suramin,
emerged as an inhibitor of CRAT activity either in the WT-CRAT or
in the p.Tyr110Cys CRAT variant. In this regard, it can be
speculated that low concentrations of suramin might be used
for regulating the homeostasis of acetyl-CoA/acetyl-Carnitine
pools (Fig. 8), particularly relevant in inflammatory diseases
exhibiting mitochondrial dysfunction at the level of fatty acid
translocation and metabolism [35-38]. However, it is important to
note that suramin is able to target a lot of proteins, as observed for
the inhibition of ADP/ATP carrier (and other carriers at a lower
extent [10]), succinate dehydrogenase [39], or purine and peptide
receptors [40]. Nevertheless, suramin’s repurposing as a cancer
therapeutic holds promise, if its effective concentration for
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targeting CRAT can be achieved at lower doses than those
historically used for treating other diseases, from neglected
tropical diseases to cancer [41].

Artemisinin exhibited a weak activation of the recombinant
CRAT mutant activity without significantly impacting WT-CRAT
activity. Both suramin and artemisinin present opportunities for
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drug repurposing, with suramin potentially applicable in
cancer therapy and artemisinin showing promise in treating
CRAT-deficiency-related Leigh syndrome. Additionally, artemi-
sinin’s scaffold could serve as a scaffold for further modifica-
tions aimed at enhancing affinity towards the CRAT catalytic
pocket.
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Fig. 6 Estimation of the activity of WT-CRAT enzyme and p.Tyr110Cys CRAT variant in the presence and absence of selected molecules.
Panel a Enzymatic activity of recombinant-purified WT-CRAT enzyme and p.Tyr110Cys CRAT variant proteins measured using the DTNB
method, at different concentrations of acetyl-CoA (AcCoA). Michaelis—-Menten (MM) constant K, (b) and maximum activity rate V., (c) of
recombinant-purified WT-CRAT and p.Tyr110Cys CRAT proteins. MM parameter estimations were conducted in GraphPad Prism. Data are
presented as mean + SEM of at least three independent experiments. “***” indicates nonoverlapping 95% confidence intervals between the
Vimax determined for the WT-CRAT protein and for the p.Tyr110Cys variant. Panel d The activity (%) of WT-CRAT and p.Tyr110Cys measured in
the absence (C, control) or presence (M, molecule) of each tested molecule. Data are presented as mean + SEM of three independent
experiments. Statistical analysis was performed using t-test between corresponding control vs. molecule results. *P < 0.05; ***P < 0.001.
Concentration-dependent inhibition (e) or stimulation (f) of WT-CRAT (blue circles) or p.Tyr110Cys CRAT (red squares) activity mediated by
suramin (e) or artemisinin (f) expressed as percentage of the WT-CRAT activity in the absence of molecules set at 100% (the activity of
p.Tyr110Cys CRAT mutant in the absence of molecules was 45% of the WT-CRAT, estimated for comparative purposes). Experiments were
conducted in K, conditions as determined in panel a. The reaction was started by adding 2 mM carnitine. Suramin was tested at the
concentrations 1, 10, 30, 50, 100, 200, 500 and 1000 pM. Artemisinin was tested at the concentrations 0.1, 1, 10, 30, 50, 100 and 200 pM.
Notably, the percentage of DMSO in the tests with artemisinin was 0.2% (final concentration in cuvette) for all the tested concentrations of the

artemisinin. Values are presented as means + SEM derived from three independent experiments.
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Fig. 7 Artemisinin concentration-dependent stimulation of CRAT
activity. The estimated CRAT activity is normalized to CS activity in
control fibroblasts and patient fibroblasts (carrying the compound
heterozygous missense variants p.Tyr110Cys and p.Val569Met in the
CRAT gene). Controls in DMSO were produced since artemisin was
solubilized in DMSO. The final concentration of DMSO in the assay
was 1%. Values are presented as means + SEM derived from at least
three independent experiments. Statistical analysis was performed
using t- test. *P < 0.05; **P < 0.01.

The above reported in silico/in vitro observations, let us
speculate that the rigid artemisinin is better in re-orienting
carnitine ligand in the mutated protein towards its original
position. In addition, artemisinin rigidity makes artemisinin exit
from carnitine binding pocket more difficult also in the presence
of carnitine, at variance with the larger glimepiride and
dorzolamide showing a larger number of torsions, that allow
glimepiride and dorzolamide exiting carnitine binding pocket in
the presence of the carnitine substrate, despite of the calculated
higher docking-scores.

Additionally, assays conducted on cell lysates provided
evidence of the artemisinin ability to influence CRAT activity in
a cellular context, highlighting its potential for therapeutic
intervention in mitochondrial disorders. Indeed, our experi-
mental validation of compound activity in patient cell lysates
revealed a partially CRAT restored function, also in the context
of patient cells carrying the compound heterozygous
p.Tyr110Cys and p.Val569Met missense variants in the CRAT
gene [1]. This observation underscores the clinical relevance of
our findings and suggests the therapeutic potential of an early
genetic diagnosis associated to virtual screening of drug
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libraries aiming to restore the function of impaired proteins
responsible for severe pathological conditions.

Pharmacokinetic and pharmacodynamic considerations for the
clinical use of suramin and artemisinin

While our virtual screening has identified suramin and artemi-
sinin as promising candidates for repurposing in CRAT defi-
ciency and oxidative-dependent cancers, it is crucial to consider
their pharmacokinetic and pharmacodynamic profiles, as these
factors directly impact their clinical applicability. Suramin,
despite its efficacy in inhibiting oxidative-dependent pathways,
exhibits poor oral bioavailability and is administered intrave-
nously to achieve therapeutic plasma concentrations [42]. Its
long half-life (~50 days) is attributed to its limited metabolism,
as the drug is primarily excreted unchanged via the kidneys.
However, this prolonged exposure increases the risk of dose-
dependent toxicity, with side effects ranging from nausea and
fatigue to more severe complications such as renal toxicity and
peripheral neuropathy, particularly at higher doses used in
cancer therapies [42, 43]. Conversely, it has also been reported
that suramin can inhibit renal fibrosis in chronic kidney
disease [44].

On the other hand, artemisinin, while promising for treating
CRAT deficiency due to its oxidative stress-modulating properties,
faces challenges with poor oral bioavailability owing to rapid first-
pass metabolism in the liver [45]. Although semi-synthetic
derivatives like artemether enhance its absorption, artemisinin’s
short half-life (1-3h) necessitates frequent dosing. Its rapid
metabolism to dihydroartemisinin, the active form, also limits
sustained therapeutic exposure [46]. While generally well-toler-
ated, prolonged or high-dose use of artemisinin have been linked
to rare instances of neurotoxicity [47] and hepatotoxicity [48, 49].
Therefore, both drugs, while clinically viable, present challenges in
bioavailability, metabolic stability, and potential toxicity, which
must be carefully considered when designing future therapeutic
protocols.

Conclusive remarks
The reported study underscores the utility of molecular modeling
tools in elucidating protein structure-function relationships, as
well as protein-ligand [10, 50, 51] or protein-protein [52, 53]
interactions in guiding drug discovery efforts. It should also be
noticed that longer molecular dynamics simulations can provide
new insights about transient binding pockets to be exploited by
potential modulators. MD based approaches can also provide data
about the stability of the interactions between the investigated
WT and mutant proteins and the predicted high affinity ligands.
Remarkably, in the context of drug repurposing within
compassionate use programs, approved drugs that show high
binding affinity for new targets through in silico studies can be
used to treat patients with diseases lacking established therapies,
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Fig. 8 Scheme of a mitochondrion with a set of representative proteins, pathways and cycles. CRAT, protein of the carnitine shuttle,
respiratory chain complexes, mitochondrial transporters and other proteins are reported in surface representation and labeled. CRAT (based
on the human crystallized structure Tnm8.pdb) is reported in orange surface representation; CPT1 and CPT2 (both based on the R. norvegicus
crystallized structure 4ep9.pdb) in dark violet; ATP synthase (CV) is reported in blue (based on the Bos taurus crystallized structure 6zgn.pdb).
Mitochondrial carriers are reported in cyan (based on the 3D structure of the bovine ADP/ATP carrier, Tokc.pdb). VDAC is reported in pink
(based on the 3D structure of the human 2jk4.pdb). Bax (based on the 3D structure of the human 4s0o.pdb) and Bak/Bcl-2 (based on the
human crystallized structure 2yv6.pdb) are reported in dark gray and firebrick, respectively. MPC (an in-house developed 3D comparative
model, data not published) is reported in black; PDH in light green (based on the human crystallized structure 6cfo.pdb); AIF in white (based
on the human crystallized structure 4bur.pdb). Complex | (Cl, based on the Ovis aries crystallized structure 5Ink.pdb), complex Il (Cll, based on
the Sus scrofa scrofa 3aef.pdb), complex Il (Clll, based on the O. aries 6q9e.pdb), complex IV (CIV) (together with CytC in red, based on the
bovine crystallized structure 5iy5.pdb) are reported in green, yellow, magenta and gray, respectively, Opal (based on the human crystallized
structure 6jtg.pdb) is reported in dark magenta; Mfn1 (based on the human crystallized structure 5gns.pdb) in dark green; Mfn2 (based on the
human crystallized structure 6jfk.pdb) in hot-pink, according to PyMOL colors. Black circular arrows indicate cyclic pathways. Red arrows
indicate impaired pathways or reactions. Black solid/dashed lines indicate the possible direction of the reported reactions. C2-CoA acetyl-CoA,
C2-carnitine acetyl-carnitine, MIM mitochondrial inner membrane, MOM mitochondrial outer membrane, IMS intermembrane space, UQ
ubiquinone, AAC ADP/ATP carrier, coded in H. sapiens by SLC25A4, SLC25A5, SLC25A6, SLC25A31, TPC thiamine pyrophosphate carrier, coded
by SLC25A19, CAC carnitine/acyl-carnitine carrier, coded by SLC25A20, ORC ornithine carrier, coded by SLC25A15 (or SLC25A2), AGC aspartate/
glutamate carrier, coded by SLC25A12 and SLC25A13, DIC dicarboxylate carrier, coded by SLC25A10, NDT assumed to be the NAD™ carrier,
coded by SLC25A51, MFT assumed to be the FAD (folate/riboflavin) carrier, coded by SLC25A32, OGC malate/2-oxoglutarate carrier, coded by
SLC25A11, CIC citrate carrier, coded by SLC25A1, PiC phosphate carrier, coded by SLC25A3, MAS malate/aspartate shuttle, TCA tricarboxylic
acid cycle, Bax Bcl-2 associated X protein, Bak Bcl-2 antagonist/killer-1, Bcl-2 B-cell lymphoma-2, MDH1 cytosolic malate dehydrogenase 1, ME1
malic enzyme 1, MPC mitochondrial pyruvate carrier, PDH pyruvate dehydrogenase, CypD cyclophilin D, CytC cytochrome ¢, VDAC voltage-
dependent anion channel, AIF apoptosis-inducing factor, PNC pyrimidine nucleotide carrier, coded in H. sapiens by SLC25A33 and SLC25A36.
The green arrow for artemisinin and the red arrow for suramin, indicate the ability of artemisinin to stimulate the activity of p.Tyr110Cys
variant and the ability of suramin to inhibit both the WT-CRAT and the p.Tyr110Cys variant.

as it was for the recent COVID-19 pandemics [53, 54]. However, it
is crucial to validate these computational findings by experimen-
tally testing the affinity of the ligands for the hypothesized
targeted recombinant proteins, particularly in cases beyond
compassionate use [9, 55].

More in general, our findings highlight a strategy for dealing
with pathological missense variants causing a partial loss of
function, through the modulation of protein activity by targeting
protein binding regions affected by specific mutations.

The protocol described in this manuscript for targeting the
CRAT region hosting the pathological mutation, might also be
employed for targeting the impaired regions of other enzymes,
transporters, and protein complexes associated to the onset of
Leigh syndrome or other neuromuscular degenerative diseases,
including severe mitochondrial diseases [2, 6, 12, 56-59], aiming
to restore the impaired metabolic pathway for rescuing

SPRINGER NATURE

mitochondrial function for slowing-down the neuromuscular
degeneration associated with these devastating diseases.

By bridging computational and experimental approaches, our
study offers insights into personalized therapeutic strategies
aimed at restoring mitochondrial function and improving clinical
outcomes in patients affected by mitochondrial disorders. More-
over, our approach represents a potential application of the
concept of “theragnosis”, already applied in other biomedical
research fields [60], wherein therapeutic interventions can be
guided by diagnostic information, also for mitochondrial diseases,
thereby enabling personalized treatment strategies tailored to
individual patient profiles [2, 12]. This concept of theragnosis
represents a paradigm shift in precision medicine, offering
new avenues for the development of targeted therapies
and the optimization of patient care in the era of molecular
medicine [2].
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