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A B S T R A C T

The mitochondrial choline carrier SLC25A48 mediates choline import into the mitochondrial matrix, supporting 
one‑carbon metabolism and epigenetic regulation. Despite its physiological relevance, the structural de
terminants of substrate recognition and conformational transitions remain poorly characterized.

Here, the conformational dynamics of human SLC25A48 was investigated using deep-learning-based structure 
prediction combined with multiple extensive molecular dynamics simulations in a realistic mitochondrial 
membrane environment. Structural models representing the cytoplasmic-open (c-state), occluded and matrix- 
open (m-state) conformations were generated and used as starting points for MD simulations, for a total of 
21 μs.

Unbiased simulations captured spontaneous, bidirectional transitions between the occluded and m-state, 
confirmed by structural convergence and comparison with available crystal structures, and shown to remain well 
separated in a distinct descriptor space by a supervised classifier (LDA). Transitions were driven by an asym
metric rearrangement primarily involving Domain I, while the remaining helices behaved as a rigid scaffold, 
consistent with mechanistic features described for other SLC25 carriers. A matrix-side loop, whose dynamics 
correlated with this asymmetry, adopted distinct capping and opening conformations across states, suggesting a 
complementary gating role. Choline remained stably coordinated throughout the transition, indicating that the 
conformational change corresponds to the opening step of the transport cycle rather than substrate release. 
Context-dependent lipid interactions were also observed, affecting ligand position or carrier conformation.

These results provide mechanistic insight into SLC25A48 conformational plasticity and a structural frame
work, with candidate collective variables, to guide future investigation of mitochondrial choline transport.

1. Introduction

Metabolic homeostasis relies on membrane transport proteins that 
regulate the exchange of ions and metabolites across biological mem
branes. Within mitochondria, the Solute Carrier Family 25 (SLC25) 
mediates the selective transport of a wide variety of molecules across the 
inner mitochondrial membrane (IMM), thereby contributing to meta
bolic flux control, energy balance and signaling regulation [1].

Among its members, SLC25A48 has been recently identified as a 
high-affinity mitochondrial choline transporter [2–4]. In detail, 
SLC25A48 mediates the transport of choline into the mitochondrial 

matrix, sustaining its conversion to betaine, a methyl donor crucial for 
epigenetic regulation and methionine biosynthesis. Choline is also a 
component of cell membrane lipids, such as phosphatidylcholine, and is 
involved in the production of acetylcholine and one‑carbon metabolism 
[5,6]. Despite its relevance in cell physiology, the structural de
terminants responsible for choline recognition and translocation remain 
poorly defined, and the molecular mechanisms governing transport are 
still largely uncharacterized.

From a structural viewpoint, the members of the SLC25 family are 
formed by a three-fold repeat organization. Each repeat corresponds to a 
homologous domain composed of an odd-numbered transmembrane 
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(TM) α-helix followed by a short α-helix, exposed on the mitochondrial 
matrix side, and an even-numbered TM α-helix, in the sequential 
arrangement H1-h12-H2 (Domain I), H3-h34-H4 (Domain II) and H5- 
h56-H6 (Domain III) (Fig. 1). SLC25 proteins cycle between two 
states, conventionally called the cytoplasmic (c-) and matrix (m-) state, 
in which the substrate binding site is transiently accessible either to the 
intermembrane space (IMS) or to the matrix, allowing selective import 
or export of ligands. In this type of transport mechanism, called alter
nating access, the transition between c- and m-state involves an 
occluded state in which the substrate is inaccessible from both sides of 
the membrane. Residues belonging to a conserved sequence signature 
motif, PX[DE]XX[KR], located in the even-numbered α-helices, form a 
salt bridges network in the c-state, which closes the transporter on the 
matrix side (m-network). Residues from a less conserved motif, i.e., [FY] 
[DE]XX[KR], stabilize in a similar manner the transporter in the m-state 
conformation (c-network). In conjunction with the charged residues of 
the c-network, a layer of aromatic and aliphatic residues, called the 
hydrophobic plug, contributes to further stabilization of the m-state 
conformation and prevents proton leakage across the IMM (Fig. 1) [7].

While the alternating access is the widely accepted mechanistic hy
pothesis for SLC25 transporters, the precise determinants guiding the 
conformational cycle and the contribution of individual structural ele
ments remain unclear.

In the present work, the conformational dynamics of SLC25A48 has 
been investigated using deep learning derived structural models and 
extensive atomistic molecular dynamics (MD) simulations, under con
ditions mimicking the physiological IMM environment. The stability of 
the c-, occluded and m-states was analyzed, providing a framework to 
understand how structural elements govern substrate recognition and 
conformational transitions. Taken together, these results provide new 
structural insights into SLC25A48 ligand binding and conformational 
transitions and provide the basis for future experimental validation.

2. Methods

2.1. Protein structure prediction

The human SLC25A48 amino acid sequence (UniProt ID: Q6ZT89) 

[10] has been used to predict the structural models of the transporter in 
the c-state, m-state and occluded state conformations.

AlphaFold3 [11], developed by Google DeepMind and Isomorphic 
Labs, has been used with default settings to generate five predictions for 
the carrier in the c-state apo conformation. The model with the highest 
confidence score (pLDDT) was chosen as the representative c-state 
conformation for subsequent analysis. The pLDDT score is a confidence 
metric that ranges from 0 to 100: values higher than 90 indicate regions 
with high confidence in both the backbone and side chains; scores be
tween 90 and 70 usually correspond to a correct backbone positioning 
with misplacement of some side chains, while scores ranging from 50 to 
70 reflect low confidence.

To obtain the structural model of the transporter in the m-state 
conformation, the Colab Notebook “ColabFold v1.5.5: AlphaFold2 using 
MMseqs2” has been used (https://colab.research.google.com/github/so 
krypton/ColabFold/blob/main/beta/AlphaFold2_advanced.ipynb) 
[12]. The predictions were performed using the following parameters: 
max_msa_clusters = 32, specifying the number of sequence clusters 
randomly selected for input to the AF2 neural network, and max_ex
tra_msa = 64, defining the number of additional sequences used to 
compute supplementary summary statistics. MSA depth was intention
ally restricted, resulting in stochastic subsampling of homologous se
quences and attenuation of co-evolutionary constraints that typically 
bias AlphaFold toward the dominant conformational state. It should be 
noted that the ideal values for these settings may vary depending on the 
particular protein under study.

The TM-Align algorithm [13] has then been applied on the 40 
structures modelled by ColabFold to identify the best representative m- 
state structural model, by comparing them with the only known crystal 
structure of a mitochondrial carrier in the m-state conformation, i.e. the 
fungal AAC from Thermothelomyces thermophila (PDB ID: 6GCI) [9].

The model presenting the highest TM-score, i.e., the best match for 
the m-state conformation, was selected for subsequent analyses.

The occluded conformation of the carrier has been obtained using 
Boltz-1 [14], an open-source deep learning model reported to achieve 
accuracy comparable to AlphaFold3 on standard benchmarks. Both the 
apo and choline-bound proteins have been obtained using default 
configuration options, and the models with the highest confidence score 

Fig. 1. Structural motifs of SLC25 carriers. Schematic view of the c-state and m-state crystallographic structures of the ADP/ATP carrier (AAC, SLC25A4). This is the 
most extensively studied member of the SLC25 family and currently the only one for which the structure of both conformational states has been determined 
experimentally. Cytoplasmic and matrix network residues are shown as van der Waals spheres and colored in red (negatively charged) or blue (positively charged). 
Hydrophobic plug residues are shown as van der Waals spheres and colored in green. The c-state shown here corresponds to the bovine AAC from Bos taurus (PDB ID: 
1OKC) [8], while the m-state corresponds to the fungal AAC from Thermothelomyces thermophila (PDB ID: 6GCI) [9]. Missing regions, such as terminal segments and 
inter-helical loops, are not shown because they are unresolved in the crystallographic structures.
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were selected.
The models described above were used as starting structures to build 

the simulation boxes for the MD simulations as reported in the following 
section. Additional structural models generated for comparison pur
poses are described in the Supplementary Methods Section 1.

2.2. MD simulations of the SLC25A48 conformations

Each SLC25A48 model was embedded in an IMM bilayer generated 
through CHARMM-GUI (http://www.charmm-gui.org, accessed on 15 
July 2025) [15–17]. The membrane composition was based on the IMM 
model published by the CHARMM-GUI team, available at the CHARMM- 
GUI Archive [18]; minor modifications were applied to better reflect 
leaflet asymmetry. Two 22.5 Å-thick layers of TIP3P water molecules 
were placed above and below the membrane, and Na+ and Cl− ions were 
added to neutralize the system and achieve 0.15 M ionic strength. Sys
tem dimensions and full compositional details (box size, lipid, water and 
ion content) are reported for each state in Table S1 and S2. The starting 
coordinate files for all simulation boxes are deposited on Zenodo 
(https://doi.org/10.5281/zenodo.21721870), allowing direct inspec
tion of the complete computational setup.

MD simulations were performed using the CHARMM36m force field 
[19] in combination with the AMBER24 software [20], using periodic 
boundary conditions with box geometry and protein-to-edge distance 
following default CHARMM-GUI settings for membrane systems. Initial 
energy minimization was carried out with positional restraints on the 
protein (10 kcal mol− 1 Å− 2) and membrane (2.5 kcal mol− 1 Å− 2), using 
2500 steps of steepest descent followed by 2500 steps of conjugate 
gradient to relax unfavorable contacts. After minimization, the system 
was gradually heated to 310.15 K under the NVT ensemble, followed by 
NPT equilibration to stabilize pressure at 1 bar. Throughout these 
thermalization and pressure equilibration phases, the force constants of 
the positional restraints were progressively weakened. Finally, the 
equilibrated systems were properly simulated without restraints using 
the NPT ensemble for a total of 1 μs, in replica. The same protocol was 
applied to protein-ligand complexes. During equilibration, choline was 
restrained as if it were a protein residue, with the same force constants 
progressively released across the equilibration stages. Simulations were 
carried out with periodic boundary conditions and a 2 fs integration 
step; temperature was controlled using a Langevin thermostat, while 
semi-isotropic pressure was maintained via a Monte Carlo barostat at 1 
bar [21]. Long-range electrostatics were computed using Particle Mesh 
Ewald (PME) [22] with a 12 Å cutoff and a force-switching function 
starting at 10 Å.

All the methodological details of the analyses performed on the MD 
trajectories, such as protein interactions, RMSF, radius of gyration, 
membrane curvature, principal component analysis and clustering of 
representative conformations, are reported in the Supplementary Methods 
Section 2. Where applicable, values are reported in the text as mean ±
standard error of the mean (SEM) across independent replicas. Standard 
deviation (SD) is used instead when reporting the dispersion of frame- 
level quantities within a single trajectory or pooled dataset, where 
frames are not statistically independent.

2.3. Molecular docking

To generate the c-state complex with choline (holo form), docking 
simulations were performed using GNINA, a Smina derivative [23] that 
couples classical scoring with a convolutional neural network (CNN) 
module [24]. Choline was retrieved from the ZINC15 database [25] and 
docked into the c-state model within a 20.25 × 22.5 × 26.29Å search 
box centered on the translocation cavity, with sampling exhaustiveness 
raised to 64 to ensure broad coverage of the binding-poses landscape. 
Different combinations of GNINA's scoring options were screened 
(Table S3), and –scoring vina with –cnn_scoring rescore was retained as it 
produced poses combining the most favorable predicted affinity and the 

highest CNN confidence. Indeed, GNINA returns two complementary 
scores: the minimized affinity, comparable to standard docking energies, 
and the CNN score (0–1 scale), which expresses the agreement of the 
pose with learned binding patterns without a direct energetic interpre
tation. The retained poses were inspected manually in Chimera and 
ChimeraX [26,27] to verify reasonable orientations and interactions.

2.4. Density-based clustering of conformational states

Density-based conformational landscape clustering using InfleCS 
[28] was applied to the MD trajectories to identify kinetic metastable 
states, in the space defined by two collective variables: the mass- 
weighted radius of gyration of the m-network (Cα atoms of residues 
Asp27, Lys30, Asp125, Lys128, Asp238, Lys241, forming the salt- 
bridges network) and of the hydrophobic plug (Cα atoms of residues 
Val76, Phe77, Phe80, Tyr195, Phe196, Tyr199, Met291, Phe292, 
Tyr295). Frames from all the trajectories were decorrelated per replica 
using autocorrelation-time-based subsampling (62–250 ns lag, replica- 
specific), yielding 141 statistically independent frames. InfleCS identi
fied four core density basins corresponding to the abortive c-state, c- 
state, occluded and m-state conformations. The fitted density model was 
then applied to a denser subsampling of all 21 trajectories at fixed 1-ns 
intervals (21,000 frames total) to assign a conformational label to each 
frame. Frames whose collective-variable coordinates fell outside all four 
core density regions (12,591 of 21,000) were classified as transition 
points and excluded from the primary dataset (retained frames: 8409).

To determine whether the intraprotein distances that best discrimi
nate between the four states provide a distinct structural signature of 
these populations, a Linear Discriminant Analysis (LDA) was trained on 
the labeled frames and further tested on the excluded transition-point 
frames; full methodological details are provided in the Supplementary 
Methods Section 3.

3. Results and discussion

In this study, the three main conformational states of the human 
mitochondrial carrier SLC25A48 were modelled using deep learning 
approaches; namely the c-state, m-state, and, for the first time for a 
SLC25 member, the occluded state.

The c- and occluded (o-) state were modelled both in the presence 
and absence of the endogenous substrate choline (i.e., holo and apo 
forms). SLC25A48 is known to mediate choline import into mitochon
dria [2–4], however, whether it also exports any substrate remains un
known; therefore, the m-state conformation was modelled only in the 
apo form.

These five apo and holo representative models were used as starting 
points for all-atom MD simulations, to investigate the conformational 
landscape of the transporter. Five independent replicas, each lasting 1 
μs, were performed for each starting conformation. In the case of the c- 
state system, three apo replicas were performed from the predicted 
model and three holo replicas starting from the choline docking com
plex. Altogether, the MD simulations covered a total of 21 μs, repre
senting a substantial sampling of the protein's conformational space.

3.1. Deep learning based modelling of SLC25A48

AlphaFold3 (AF3, https://alphafoldserver.com) [11] was used to 
model the three-dimensional structure of the human mitochondrial 
carrier SLC25A48. The predicted structural model with the highest 
confidence score (pLDDT = 73.68, Fig. 2) displayed a conformation 
open toward the IMS and a closed matrix side, consistent with the ca
nonical features of the c-state, resembling the conformation of other 
SLC25 carriers like AAC (PDB ID: 1OKC [8]) and UCP1 (SLC25A7, PDB 
ID: 8HBV [29]). The model also displayed a pTM of 0.74, a global es
timate of the predicted structural accuracy of the fold, complementing 
the per-residue or (per-atom) confidence given by pLDDT. The use of 
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pLDDT as a local confidence metric is well-supported by extensive 
benchmarks showing a strong correlation between high scores and low 
Cα root-mean-square error relative to experimental structures [30,31]. It 
is important to note that SLC25A48 displays several disordered loops on 
both the IMS and matrix sides, and it has been demonstrated that very 
low pLDDT scores correlate with high propensities for highly flexible or 
intrinsically disordered regions (IDR) [31,32]. For this reason, the 
average confidence score has been recalculated by removing loop re
gions: in detail, the regions excluded were the first and last five residues 
(1–5 and 307–311), the two IMS loops that connect H2 to H3 and H4 to 
H5 (91–103 and 205–216) and the three matrix loops that connect the 
odd-numbered helix of each domain to the following matrix helix 
(36–41, 133–159 and 247–255). By doing so, the average pLDDT score 
of the c-state increased from 73.68 to 79.17.

To further validate this fold, the c-state model was compared to the 
crystallographic structure of the bovine AAC (PDB ID: 1OKC [8]) using 
TM-align [13], an algorithm for sequence independent protein structure 
comparisons. TM-align yields a TM-score between 0 and 1; values below 
0.2 are typical of unrelated proteins, while values above 0.5 generally 
indicate the same fold [13]. In this case the resulting score was 0.81, 

despite only approximately 20% sequence identity between the pro
teins, reinforcing the reliability of the predicted model.

Structural convergence was additionally confirmed by low RMSD 
values calculated for the m-network residues (Table 1), a key hallmark 
and accepted metric of c-state formation. A superimposition between the 
three domains of the c-state model and the bovine protein crystallo
graphic structure, as well as the superimposition of the residues of the m- 

Fig. 2. (A) Per-residue pLDDT score of the predicted models. As described in the text the average pLDDT has also been recalculated excluding loops and terminal 
regions. The regions excluded (*) were 1–5, 36–41, 91–103, 133–159, 205–216, 247–255 and 307–311. The graph also shows horizontal confidence bands, detailed 
in the legend. (B) From left to right: the c-state model predicted by AF3, the occluded model predicted by Boltz-1 and the m-state model obtained with ColabFold.

Table 1 
RMSD values for the m-network residues in SLC25A48 predicted models used as 
starting points for MD simulations, relative to the bovine SLC25A4 (AAC) c-state 
crystallographic structure (PDB ID: 1OKC).

M-network residues RMSD (Å)

SLC25A48 - SLC25A4 c-state o-holo o-apo

D27 - E29 1.06 1.07 1.34
K30 - K32 0.46 0.51 1.01
D125 - D134 1.15 1.04 1.16
K128 - R137 0.85 0.78 0.71
D238 - D231 1.13 1.51 1.06
K241 - R234 1.18 1.39 0.97
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network, is shown in Supplementary Fig. S1.
To model the transporter in the m-state conformation, ColabFold 

with advanced settings was employed, using reduced MSA depth 
resulting in stochastic subsampling of homologous sequences [12,33]. 
Limiting MSA depth attenuates co-evolutionary coupling signals that 
typically bias AlphaFold2 toward the dominant conformational state. As 
previously observed in studies leveraging AlphaFold2 for conforma
tional sampling, residue pairs stabilizing distinct functional states may 
co-evolve across homologs; therefore, deep MSAs tend to reinforce a 
single prevalent structural solution, whereas MSA depth reduction can 
partially relax these constraints and enable the emergence of alternative 
conformations [33]. While this stochastic approach has proven to be 
effective for capturing alternative states in various transporters [33–35], 
it is important to acknowledge its limitations, as it relies on stochastic 
attenuation of co-evolutionary signals that stabilize the dominant fold 
[36].

To overcome these hurdles, recent advancements have introduced 
more controlled methodologies; these include the use of pre-defined 
collective variables or biased structural templates to steer the predic
tion toward specific functional states, as well as approaches based on 
local frustration analysis, which identify metamorphic regions prone to 
structural transitions [36–40].

In the present study, to ensure the physical relevance of the model 
obtained, the representative m-state model was selected as the structure 
displaying the highest structural similarity to the only known crystal 
structure of a mitochondrial carrier in the m-state conformation, i.e. the 
fungal AAC from Thermothelomyces thermophila (PDB ID: 6GCI) [9].

The structural similarity has again been evaluated using TM-align, 
and in this case, the selected model displayed a TM-score of 0.75 and 
an initial pLDDT score of 70.25, increased to 74.23 after accounting for 
disordered regions. Snapshots showing a superimposition between the 
predicted model and the experimental structure are provided in Fig. S2.

Consistent with a matrix-open state, the model featured a sealed 
hydrophobic plug. On the other hand, SLC25A48 lacks a canonical [FY] 
[DE]XX[KR] motif, resulting in the absence of a canonical salt-bridges c- 
network. As previously noted, these motifs are significantly less 
conserved across the SLC25 family compared to those forming the m- 
network and frequently form incomplete networks or are entirely absent 
[41,42]. For this reason, the residues of the conserved hydrophobic plug, 
fundamental for preventing proton leakage in the m-state, have been 
compared to those of the crystal structure. Again, the low RMSD values 
obtained further support the reliability of the selected m-state model 
(Table 2).

Finally, Boltz-1 [14] was employed primarily to allow the prediction 
of the SLC25A48-choline complex, a ligand not currently supported by 
AlphaFold3 webserver. Upon observing that Boltz-1 naturally favored 
an occluded state for the holo-complex, its use has been extended to the 
apo-form to allow for a direct comparison of the occluded states.

In both cases, all the predicted models displayed high confidence 

scores and exhibited closure on both sides of the membrane, as expected 
for an occluded conformation.

The top ranks displayed average initial pLDDT scores of 76.38 for the 
apo and 88.07 for the holo-form, which increased to 81.76 and 91.56 
when excluding IDRs (pTM = 0.68 and 0.87, respectively). Notably for 
the holo conformation the ipTM, which measures the accuracy of the 
predicted interface within a protein-ligand complex, was also very high 
(0.93).

In the case of the occluded conformations, given that they simulta
neously display a closed m-network and a sealed hydrophobic plug, the 
RMSD between the aforementioned residues was calculated and values 
are included in both Table 1 and Table 2. In addition, a superimposition 
of the m-network and the hydrophobic plug residues of the occluded 
models and the crystal structures is shown in Fig. S3.

To evaluate the potential influence of the lipid environment on the 
predicted conformation, an additional model was generated using Boltz- 
1, including choline and 23 lipid molecules, mimicking the IMM (Sup
plementary Methods Section 1). This approach was inspired by the CoM
PLip strategy [43], which demonstrates that co-folding membrane 
proteins with explicit lipid molecules during structure prediction im
poses a membrane-like context and can improve structural accuracy and 
conformational state sampling. The resulting model preserves the 
occluded conformation (Fig. S4) and displays a mean pLDDT of 81.98, 
increased to 89.66 after exclusion of loop regions.

To further investigate whether independent prediction methods 
converge toward a consistent conformational state of SLC25A48, an 
additional structure prediction was performed using ESMFold [44], a 
method not related to the AF3/Boltz-1 framework. The resulting model 
displays high confidence (pLDDT = 88.19 and pTM = 0.92) and, sur
prisingly, also adopts an occluded conformation, even though no 
experimental structure is available in this state for any member of the 
SLC25 family, which limits the risk of template-driven bias. Notably, the 
transmembrane core is highly consistent with the Boltz-1 models, with 
minor differences limited only to flexible loop regions and terminal 
segments (Fig. S5).

Taken together, the high structural similarity with the experimental 
templates, the consistent pLDDT scores and the stabilization of the key 
gating elements confirm the reliability of the predicted models. Notably, 
the occluded holo state displays the highest confidence value (pLDDT 
>90), suggesting that the presence of the substrate further increases the 
reliability of the predicted transporter's architecture and providing a 
robust foundation for subsequent MD simulations.

3.2. Conformational dynamics of SLC25A48

3.2.1. Spontaneous transitions validate SLC25A48 occluded model
The strongest validation for the proposed models is the occurrence of 

spontaneous conformational transitions in opposite directions during 
unbiased MD simulations. Among the 21 independent simulations, the 
five initiated in the occluded state (four in the presence and one in the 
absence of choline) spontaneously evolved toward an m-state confor
mation. Specifically, the first replica of the apo system (o-apo 1) and all 
holo simulations except the second (o-holo 1, 3, 4 and 5) underwent 
large-scale rearrangements, reaching an architecture corresponding to a 
sealed hydrophobic plug and an open m-network, consistent with the 
canonical m-state of SLC25 proteins. Conversely, among the five m-state 
simulations, the transporter remained in the starting conformation in 
four (m-apo 2–5), while the first replica (m-apo 1) sampled a reverse 
transition back toward the occluded state.

To confirm the physical plausibility of these simulations, the stability 
of the hydrophobic plug, physiologically required to prevent proton 
leakage when the protein is open toward the matrix side [7], was 
evaluated through the RMSF of its residues (Table S4). Values were 
lower than 1 Å and comparable across all groups regardless of transition: 
0.67 ± 0.02 Å in the stably occluded replicas (mean ± SEM, N = 5), 0.72 
± 0.05 Å in the four native m-state replicas and 0.73 ± 0.05 Å in the five 

Table 2 
RMSD values for the hydrophobic plug residues in SLC25A48 predicted models 
used as starting points for MD simulations, relative to the fungal SLC25A4 (AAC) 
m-state crystallographic structure (PDB ID: 6GCI). Residues absent in the crys
tallographic structure (i.e., not conserved) are indicated with “\”.

Hydrophobic plug residues RMSD (Å)

SLC25A48 - SLC25A4 m-state o-holo o-apo

V76 - \ \ \ \
F77 - F97 1.56 0.84 1.27
F80 - \ \
Y195 - Y200 1.03 0.74 0.65
F196 - F201 1.98 1.10 0.83
Y199 - Y204 0.74 0.92 1.19
M291 - V294 1.17 1.44 1.86
F292 - L295 2.07 1.34 1.66
Y295 - Y298 1.39 1.95 2.6
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o-to-m transitioning replicas. The reverse m-to-o transition (m-apo 1) 
gave a comparable low value of 0.76 Å. This consistency confirms that 
the hydrophobic plug is a conserved, stably packed gating element, in
dependent of transition status (Fig. S6).

Additionally, the extent of conformational opening during the tran
sitions was quantified by calculating the radius of gyration (Rg) on 
selected groups of residues. The first two groups represent the m- 
network and the hydrophobic plug: the two structural elements whose 
closure/opening defines the gating state of the transporter (Fig. 3). The 
others are two additional “rings” of residues, chosen to capture the 
extent of opening at different heights along the membrane normal: a c- 
side (top) ring positioned below the hydrophobic plug (Gly16, Asn73, 
Gly114, Tyr192, Gly227, Ser288) and a matrix ring formed by residues 
belonging to the matrix helices (Arg47, Thr166, Ser262). The plug and 
top rings remained remarkably stable across all simulations, consistent 
with persistent c-side sealing. The m-network and matrix ring instead 
increased markedly in systems sampling opening, with o-holo 1 showing 
the largest increase; while m-apo 1 displayed a progressive decrease 
consistent with its closure, reaching values comparable to the non- 
transitioning replicas shown as controls.

A distinct case is represented by o-holo 2, a replica that exhibited a 
behavior different from its sister o-holo simulations. Indeed, this replica 
initially followed the same opening trend as the others, with partial 
expansion of the matrix helices, but did not complete the transition since 
the transmembrane core remained sealed. The resulting ensemble thus 
represents an intermediate conformation between the occluded and the 
m-state, recalling the “inward-open partially occluded” conformations 
described for transporters of the Major Facilitator Superfamily (MFS), 
such as the xylose transporter XylE from E. coli (PDB IDs: 4JA3, 4JA4) 
[45]. Consistent with this intermediate character, only the matrix ring 
showed an increase in Rg for o-holo 2, while the m-network remained 
stable at values comparable to the non-transitioning replicas. This 
observation suggests that additional, partially occluded substates along 
the transition pathway cannot be excluded.

The geometric picture emerged from the Rg analysis is further 
corroborated by the overall structural convergence of each trajectory 
toward its target conformation.

The centroids of the most populated cluster of m-apo 2 and o-apo 4, 
obtained by RMSD-clustering on the protein backbone (Supplementary 
Methods Section 2.3), were selected as reference structures for the m- 
state and occluded state, respectively. In detail, m-apo 2 was chosen for 
its highest similarity to the experimental m-state crystal structure among 
the native m-state replicas (TM-score 0.78; Table 3). Since no experi
mental structure is available for the occluded state, as already noted, o- 

apo 4 was instead selected as the most stable among the occluded rep
licas (Fig. S7).

All transitioning systems displayed a clear and progressive decrease 
of the RMSD values relative to these reference structures (Fig. 4) and, 
interestingly, the holo systems reached m-like values within the first 
100–150 ns, whereas the apo systems approached the plateau only after 
around 400 ns, in both directions.

A separate comparison of the o-holo 2 replica further confirmed its 
intermediate character: while the TM helices converge toward the 
occluded reference, the matrix helices diverge substantially, consistent 
with the partial widening observed (Fig. S8).

As an additional quantitative measure of similarity, backbone RMSD 
was also calculated between the centroid of the most populated cluster 
of each transitioning system and the chosen reference. In the case of the 
o-to-m replicas (o-apo 1, o-holo 1, o-holo 3, o-holo 4 and o-holo 5) low 
average values (1.631, 1.730, 1.561, 1.757 and 1.401 Å) indicate strong 
structural overlap, confirming that all simulations converge toward a 
structurally similar m-state, comparable to the native m-state replica. 
The reverse m-to-o transition (m-apo 1) gave a comparable low value, 
with a backbone RMSD of only 1.223 Å between its centroid and the 
occluded reference.

A further, external validation of the sampled conformations was 
obtained by TM-align, comparing the same centroids of each o-to-m 
transition or stable m-state simulation against the fungal m-state crystal 
structure [9], with TM-scores ranging from 0.74 to 0.81 (Table 3). These 
values indicate a high degree of structural similarity, particularly 
considering that this global comparison also includes flexible loops and 
terminal regions that lower the score. Notably, o-holo 1 showed the 
highest similarity to the experimental structure; a structural superim
position is shown in Supplementary Fig. S9.

It is important to note that spontaneous transitions might be due to 
an unstable artificial starting point (i.e., the predicted occluded state 
could be an artifact) or to a physically relevant process where the 
occluded metastable state overcomes a low energetic barrier to convert 
into the m-state. The fact that a spontaneous reverse m-to-o transition 
(m-apo 1) has been observed without the application of external biases, 
reaching the same occluded state used to start the occluded simulations 
with a low backbone RMSD (~1 Å, see above), argues strongly against 
the artifact hypothesis. Moreover, this is further supported by the sub
strate dependence of the transition: the occluded apo and holo starting 
models are structurally nearly identical (backbone RMSD 0.489 Å; TM- 
score 0.98), yet four of five holo replicas left the occluded basin within 
150 ns while four of five apo replicas remained occluded for the full 
microsecond. A starting structure lying on a downhill slope would be 

Fig. 3. Radius of gyration (Rg) of the hydrophobic plug, the m-network and two structural rings distributed along the membrane z-axis, shown for each of the 15 
occluded and m-state replicas (5 o-apo, 5 o-holo, 5 m-apo). On the right, the structure of the transporter is shown with the Cα atoms of the residues defining each of 
the four groups displayed as spheres, colored to match the corresponding trace.
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expected to relax irrespective of ligand occupancy; such divergent 
behavior between two systems differing only for the presence of choline 
is difficult to reconcile with simple relaxation and corresponds instead to 
what an alternating-access cycle requires, since substrate binding must 
destabilize the occluded intermediate for turnover to proceed.

The agreement between conformations obtained from independent 
unbiased simulations starting from different modelled states, and the 
substrate dependence of the transition, supports the reliability of the 
initial structural predictions and supports the physical plausibility of the 
obtained metastable states.

3.2.2. Kinetic metastable states
Apart from the replicas that underwent the conformational transi

tions discussed in Section 3.2.1, most simulations remained in their 
starting conformation throughout the microsecond timescale, defining 
kinetically metastable states. To characterize these states, frames from 
all trajectories were decorrelated as described in the Methods Section 
2.4 and projected onto the two collective coordinates introduced 
above, i.e. the Rg of the m-network and hydrophobic plug. This approach 
was inspired by Pietropaolo and colleagues, who used the Rg of gate 
regions as collective variables to reconstruct the free-energy landscape 
of AAC [46]. In the present case, the decorrelated distribution obtained 

from unbiased sampling was instead clustered using InfleCS [28], a 
density-based clustering algorithm that leverages Gaussian Mixture 
Models and the Hessian matrix. By locating density inflection points, 
InfleCS cleanly isolates stable core states from transition regions in MD 
trajectories.

InfleCS identified four core populations (Fig. 5, Panel A), corre
sponding to the m-state, occluded and two c-state subpopulations. 
Frames classified into the additional c-state population come almost 
entirely from the early portion of a single replica (c-apo 1), which sub
sequently relaxed toward a likely physiological c-state conformation. 
This basin is characterized by a markedly more open hydrophobic plug, 
with a mean Rg of 11.50 ± 0.13 Å compared to 9.66 ± 0.20 Å in the 
physiological c-state basin. The former population is structurally remi
niscent of the “abortive” enlarged conformations described for inhibitor- 
bound AAC structures [47] and for this reason it has been classified as 
abortive.

Occupancy analysis confirms that stable replicas occupied almost 
exclusively their expected basin: the c-apo and c-holo replicas populated 
the c-state exclusively, with a minor fraction in the abortive subpopu
lation (8% of the combined c- and abortive population; 95% of which 
from c-apo 1); while non-transitioning m-apo and o-apo replicas popu
lated the m-state and occluded state, respectively (Table S5).

Table 3 
TM-scores calculated between the centroid of the most populated cluster from each MD simulation that reached or stayed in the m-state conformation and the fungal 
experimental m-state crystal structure.

System o-apo 1 o-holo 1 o-holo 3 o-holo 4 o-holo 5 m-apo 2 m-apo 3 m-apo 4 m-apo 5

TM-score 0.74 0.81 0.77 0.74 0.76 0.78 0.76 0.75 0.76

Fig. 4. Structural convergence during the SLC25A48 o-to-m and m-to-o transitions. (A) RMSD of the TM helices relative to the centroid of the most populated cluster 
of m-apo 2 (in orchid), used as the m-state reference, for all o-to-m transitioning replicas. (B) Structural representation of an o-to-m transition, illustrated using o-holo 
1 as an example. The starting occluded conformation (left) and the centroid of the most populated cluster (right), which adopted an m-state conformation, are shown 
to highlight the extent of the opening movement. (C) RMSD of the TM helices relative to the centroid of the most populated cluster of o-apo 4 (in yellow), used as the 
occluded reference structure, for the reverse m-to-o transition. The plot shows the convergence of m-apo 1 (in purple) toward the occluded conformation at around 
400 ns. (D) Structural representation of the m-to-o transition, illustrated using m-apo 1. The starting m-state structure (left) and the centroid of the most populated 
cluster (right), which closed into the occluded conformation, are shown to highlight the closure of the matrix side.
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As a further validation of the basins, the transitioning replicas are 
expected to spend part of their trajectory in the initial basin and part in 
the final one, if the classification is reliable. This is exactly the pattern 
observed: transitioning replicas show a mixed occupancy split between 
their initial and final states (Table S5 and Fig. S10), providing a geo
metric, reproducible counterpart to the structural convergence analyses 
of Section 3.2.1. It is important to point out again that this distribution 
reflects the probability density of unbiased sampling and should not be 
interpreted as an equilibrium free-energy landscape.

As an additional independent validation of the four basins, TM-align 
[13] was applied to 100 frames randomly sampled from each basin 
against the corresponding experimental structure, following the same 
approach used in Sections 3.1 and 3.2.1. Since no experimental structure 
is available for the occluded state, this comparison was restricted to the 
other basins.

Interestingly, the abortive c-state frames showed higher structural 
similarity to the inhibitor-bound crystal structure (PDB ID: 1OKC [8]) 
than the narrower c-state basin (TM-score 0.79 ± 0.01 vs 0.77 ± 0.01; 
RMSD 3.23 ± 0.14 vs 3.46 ± 0.14 Å; SD, N = 100), consistent with a 
resemblance to the more extreme, c-side opened configuration. This 
transient population likely reflects the initial relaxation of the predicted 
model, which subsequently converges toward a more compact confor
mation, in line with the expectation that the physiological c-state cavity 
is narrower than that of the inhibitor-bound structure [47].

The m-state basin showed comparable structural similarity to the 
fungal crystal structure (PDB ID: 6GCI [9]; TM-score 0.75 ± 0.02, RMSD 
3.76 ± 0.23 Å, SD, N = 100), consistent with the good agreement 
already observed for the predicted model (Section 3.1).

Pore radius was also measured as a function of position along the 
pore axis (ζ) using the HOLE2 implementation [48] within the MDA
nalysis library [49,50], on the same set of sampled frames (Fig. 5, Panel 
B). The abortive and c-state basins showed a pronounced minimum at 
the m-network region (0.75–0.87 Å, ζ ≈ 57 Å), while the m-state basin 

displayed a single minimum at the hydrophobic plug (0.81 Å, ζ ≈ 82 Å), 
with the m-network region open, as expected. The occluded basin 
showed constriction at both gates simultaneously (1.20 Å, ζ ≈ 57 Å; 
0.82 Å, ζ ≈ 82 Å), consistent with an intermediate conformation along 
the transport cycle, in which the plug is already closed to an extent 
comparable to the m-state while the m-network remains constricted as 
well. This pattern provides a further structural confirmation of the four 
metastable states identified above.

3.2.3. Distance-based classification of the conformational states
To test whether the four populations identified by InfleCS are sepa

rated by genuine structural differences rather than by the specific choice 
of the two collective variables used to define them, a linear discriminant 
classifier (LDA) was trained on a large set of intraprotein distances 
selected by mutual information with the conformational state label. The 
classifier achieved near-perfect accuracy (99.7–100% across all tested 
feature-set sizes; Table S6) on held-out validation and test data, under a 
trajectory-level split designed to prevent leakage between temporally 
correlated frames. As a more stringent test, held-out transition frames 
not used during training were correctly assigned to the appropriate pair 
of adjacent states (abortive↔c-state, c-state↔occluded or occluded↔m- 
state) in 99.8% of cases, with no frame consistent with a direct, non- 
adjacent transition (Supplementary Methods Section 3). Because the 
classifier was trained on labels derived from InfleCS, this analysis does 
not validate the four states independently; rather, it shows that the 
InfleCS-defined populations remain well separated when described by a 
different set of features (intraprotein distances, rather than the Rg-based 
collective variables), consistent with the sequential abortive↔c-state
↔occluded↔m-state ordering of the transitions characterized structur
ally in Section 3.2.1.

Finally, the distances that best discriminate each pair of adjacent 
basins were identified through pairwise discriminant analysis (Fig. 6, 
Tables S7-S9). The abortive↔c-state pair was dominated by distances 

Fig. 5. (A) Conformational landscape from InfleCS density-based clustering, projected onto the mass-weighted radius of gyration of the m-network and of the 
hydrophobic plug. Colour represents the probability density (Å− 2) of the Gaussian mixture model evaluated directly from the fitted InfleCS model on 141 decor
related frames (gray dots); this distribution reflects the probability density of unbiased sampling and should not be interpreted as an equilibrium free-energy surface. 
The four identified basins are labeled: A (abortive c-state), C (c-state), O (occluded), M (m-state). The higher density of the occluded basin reflects its narrower 
distribution in collective-variable space. (B) Average pore radius profile along the pore axis (ζ) for each of the four metastable states on 100 frames randomly sampled 
from each InfleCS basin. Solid lines represent the mean radius; shaded areas represent ± SD. Vertical bands indicate the approximate positions of the m-network 
(pink) and hydrophobic plug (blue).
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Fig. 6. Top row: cartoon tube representation of the front view of the four conformational states, from left to right, abortive, c-state, occluded, m-state. Middle row: 
IMS view of the same four states. The abortive is colored in orange, c-state in blue, occluded in green and m-state in pink. For the abortive and m-state, the top ten 
discriminant distances by contribution are shown; for c-state and occluded, which each border two adjacent states, the top five distances contributing to each of the 
two flanking transitions are shown (ten total). Distances are shown as pseudobonds connecting Cβ atoms (Cα for glycine), colored according to the state they point 
toward: e.g., distances contributing to the c-state→abortive transition are colored orange (abortive), while distances contributing to the abortive→c-state transition 
are colored blue (c-state). Pseudobond thickness is proportional to each distance's contribution to the discriminant axis (Supplementary Methods Section 3). Bottom 
row: three-dimensional projection of the 50-feature LDA model onto its three discriminant axes (LD1–LD3, percentage of explained variance in parentheses). Training 
frames are colored by conformational state (same colour scheme as above); black circles mark the class centroids, labeled with the corresponding state initial (A, C, O, 
M). Triangles show held-out transition frames (Supplementary Methods Section 3), colored by the adjacent-state pair they were assigned to.
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involving the hydrophobic plug residues (e.g., Asp8-Phe196, Ile14- 
Tyr199, Tyr195-Met291), consistent with the marked difference in plug 
Rg already described (Section 3.2.2). The c-state↔occluded pair pri
marily involved the H5-H6 interface (e.g., Gly224-Ala289, Gly232- 
Ser288, Gly227-Phe292), alongside additional plug-proximal and H1- 
mediated contacts. The occluded↔m-state pair was instead clearly 
dominated by distances between H1 and H3/H5 (e.g., Thr31-Asp125, 
Pro25-Ile127, Ala35-Gly248, Val49-Gln245), a first indication that 
Domain I plays a distinctive role in this half of the conformational cycle. 
Notably, Asp125, which is one of the charged residues of the m-network, 
ranks among the top contributors for the occluded↔m-state pair (rank 2 
and 9, Table S9).

3.2.4. Asymmetric rearrangement of domain I
The prominence of H1 among the discriminant distances for the 

occluded↔m-state pair has been further examined through structural 
analyses of the transitions.

In all the o-to-m transitions the main structural rearrangements were 
observed on helices H1, h12, H2 (Domain I), which moved apart to allow 
the opening of the transporter toward the matrix side, while other he
lices underwent negligible adjustments. The reverse m-to-o transition 
sampled by m-apo 1 showed the same asymmetry in mirror: Domain I 
underwent the largest conformational displacement, while the rest of 
the protein acted as a rigid scaffold.

This asymmetry is evident in the per-helix RMSD analysis shown in 
Fig. 7, which identifies H1, h12, H2 and H3 as the most dynamic ele
ments in both o↔m directions, with the rest of the protein remaining 
stationary. Domain I showed comparable RMSD to the rest of the protein 
in stable, non-transitioning c- and occluded replicas (1.80 ± 0.03 Å vs 
1.76 ± 0.03 Å, mean ± SEM, N = 10); this difference increased 

markedly in all five o-to-m transitioning replicas (2.23 ± 0.13 Å vs 1.83 
± 0.02 Å) and in the reverse m-to-o transition (3.17 Å vs 1.75 Å). o-holo 
2, whose incomplete transition is discussed separately in Section 3.2.1, is 
included in neither group.

Notably, this asymmetry in helix deformation persists beyond the 
active transitions: in the “native” m-state replicas as well, Domain I 
showed higher RMSD values than the rest of the protein, consistent with 
a looser connection, which grants greater freedom of movement (2.18 ±
0.03 Å vs 1.81 ± 0.06 Å, N = 4). It is important to point out that, because 
here RMSD is calculated on each helix independently, this measure 
captures internal helical deformation rather than rigid-body displace
ment relative to the rest of the protein; the latter is instead addressed 
directly by the analyses described below.

To test whether the asymmetric pattern of helical distortion observed 
in the heatmap of Fig. 7 corresponds to genuine rigid-body movement of 
specific helices or domains, several complementary analyses were 
performed.

First, the behavior of the m-network's charged couples was moni
tored throughout the simulations (Fig. S11). The Asp125-Lys241 (H3- 
H5) interaction was maintained in all simulations (3.52 ± 0.03 Å, 
mean ± SEM, N = 21); whereas Asp238-Lys30 (H5-H1) exhibited the 
largest increase in distance in o-to-m replicas, from 3.99 ± 0.46 Å to 
11.47 ± 1.30 Å after the transition, consistent with the larger 
displacement of Domain I. Accordingly, the reverse m-to-o transition (m- 
apo 1) showed the opposite trend, going from 9.55 Å to 3.08 Å upon 
closure of the matrix side.

Additionally, inter-residue distances on H1 relative to the other odd- 
numbered helices (Thr31-Ile129, H1-H3; Ala35-Ala246, H1-H5; 
Fig. S12) demonstrated that H1 consistently showed the largest 
displacement relative to H5 across every transitioning simulation, 

Fig. 7. Heatmap of the average per-helix RMSD value for each simulated system. Helices displaying lower RMSD values are shown in green, indicating smaller 
deviations from their initial positions, whereas helices with higher RMSD values are shown in fuchsia, reflecting larger structural fluctuations during the simulations. 
The elevated RMSD of H6 in c-state trajectories reflects its terminal position and greater conformational freedom in the IMS-open conformation, rather than a 
functional rearrangement.

V. Quadrotta et al.                                                                                                                                                                                                                             International Journal of Biological Macromolecules 380 (2026) 154090 

10 



increasing by 13.4 ± 1.5 Å; nearly twice the increase observed for H1- 
H3 (8.4 ± 1.3 Å, N = 5).

As a control, both distances remained stable in non-transitioning 
replicas (H1-H5: 4.22 ± 0.13 Å; H1-H3: 4.28 ± 0.07 Å, N = 5); while 

in transitioning ones the H1-H5 distance went from 4.44 ± 0.34 Å to 
17.88 ± 1.47 Å and H1-H3 went from 4.52 ± 0.10 Å to 12.91 ± 1.30 Å. 
Notably, these helix distances ultimately reached values comparable to 
those of the native m-state replicas (H1-H5: 16.54 ± 1.31 Å; H1-H3: 

Fig. 8. Analysis of the intraprotein interactions. (A) Heatmap showing the total number of intraprotein contacts, including hydrogen bonds, salt bridges, and hy
drophobic interactions, between inter-domain pairs (Domain I-II, I-III, II-III) for all 21 MD simulations. (B) Bar plots of average inter-domain contacts per system, 
with the three domain pairs displayed separately on the x-axis. Domain I-Domain III interactions are substantially reduced in m-apo and o-holo simulations, 
consistent with detachment of Domain I relative to the other domains. Error bars represent the standard error of the mean (SEM) across replicas, grouped by starting 
system (N = 3 for c-apo and c-holo; N = 5 for occluded-apo, occluded-holo and m-apo); each group includes both stable and transitioning replicas, as detailed in the 
main text.
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11.57 ± 0.96 Å, N = 4).
Conversely, m-apo 1 showed the opposite trend, with a progressive 

decrease, from 12.46 to 4.87 Å for the H1-H5 distance and 9.86 to 4.09 Å 
for the H1-H3, converging toward distance values comparable to those 
of the stable occluded replicas.

The detachment of Domain I is further supported by intraprotein 
contact analysis. The heatmap in Fig. 8 (Panel A) shows that in native m- 
state trajectories, as well as in simulations transitioning toward the m- 
state, Domain I engages in fewer interactions, particularly with Domain 
III. Average inter-domain contacts, represented as bar plots in the same 
figure (Panel B), quantify this reduction per system: Domain I-Domain 
III contacts averaged 26.3 ± 1.9, 23.3 ± 0.7 and 23.4 ± 1.7 (mean ±
SEM) in the c-apo, c-holo and o-apo replicas (the latter including o-apo 1, 
the only transitioning replica in that group); decreasing to 17.0 ± 1.8 in 
o-holo and 16.2 ± 0.7 in the native m-state, supporting the asymmetric 
displacement of Domain I relative to the rest of the protein.

Interestingly, this behavior is consistent with observations across 
other mitochondrial carriers. Previous structural superimpositions and 
helix bending analyses on predicted models of the carnitine/acylcarni
tine carrier (CAC, SLC25A20) [51] revealed that H1, H2 and partially H6 
undergo the largest rearrangements and exhibit the highest variability in 
atomic contacts between the c- and m-state conformations, while the 
rest of the protein remains relatively compact.

Recent all-atom MD simulations of AAC by Li and colleagues [52]
similarly highlighted a stable matrix-side core formed by Domains II and 
III, while Domain I remained more loosely connected. This asymmetric 
organization was already apparent in the crystallographic m-state 
structure of AAC (PDB ID: 6GCI [9]) but their simulation analyses sug
gested that this asymmetry is an intrinsic property of the carrier rather 
than a distortion induced by inhibitor binding [52]. An analogous 
asymmetric arrangement has been observed in a respiratory super
complex from Tetrahymena thermophila (PDB ID: 7W5Z), where the 
structure of a mitochondrial carrier dimer (SLC25A11) was resolved by 
cryo-EM [53]. In this assembly, one of the monomers adopts a matrix- 
open conformation in which its Domain I is considerably more loosely 
associated with the rest of the protein.

Taken together, these observations across different members of the 
SLC25 family point to an asymmetric mechanism of conformational 
change that the present simulations of SLC25A48 captured directly.

3.2.5. The M2 loop as a structural correlate of the conformational 
transitions

Interestingly, the distance with the highest discriminant importance 
for the o↔m pair was Thr28-Met133 (Section 3.2.3; Table S9), involving 
a residue on H1 and the first residue of the M2 loop (residues 133–159), 
the matrix loop connecting H3 and h34 within Domain II.

To assess whether this loop adopted preferential positions, trajec
tories were clustered by its RMSD. In the most populated clusters of the 
c-state and stably occluded conformations, the loop was positioned 
below the cavity, oriented toward the space between h12 and h56, 
effectively closing the protein from the matrix side (Fig. S13). The M2 
loop formed extensive intraprotein contacts in both the c- and occluded 
conformations, likely contributing to the structural stabilization of the 
matrix-closed side. In the o-apo systems, the loop established the most 
extensive interactions with H5 and with the M3 loop (Fig. S14).

By contrast, in trajectories converging toward the m-state, the loop 
adopted an extended conformation, distant from the cavity. Notably, 
during the o-holo 1 simulation the M2 loop underwent a markedly 
different arrangement, establishing contacts with the bilayer membrane 
(Fig. S26). This peculiar behavior has been discussed in the Supplemen
tary Results and Discussion Section 1.

These loop positions and motions were independently confirmed by 
Principal Component Analysis (PCA) of the trajectories, which identified 
the first principal component (PC1, Table S10) as predominantly asso
ciated with the M2 loop or with the disordered C-terminal IMS region of 
H6. The porcupine plots showing this pattern for all systems are reported 

in Fig. S15. In the c-state and stably occluded replicas, vectors direction 
along PC1 pointed toward the closing, capping-like configuration of the 
loop described above. In trajectories converging toward the m-state, 
vectors pointed outward, consistent with an opening-oriented confor
mation. Interestingly, during the m-to-o transition of m-apo 1, the loop 
moved inward, closing the cavity from below, effectively reaching po
sitions like those observed in the c- and occluded systems.

Sequence comparison with other SLC25 carriers transporting similar 
substrates shows that SLC25A15 (ornithine carrier), SLC25A20 (CAC) 
and SLC25A29 (lysine and arginine carrier) lack a long loop in this re
gion, while SLC25A45 (recently identified as a trimethyllysine and 
dimethylarginine carrier [54,55]) contains a loop of comparable length 
but with a different, proline-rich composition. These observations sug
gest that the M2 loop in SLC25A48 may play a specific regulatory and/or 
mechanical role during conformational transitions, although direct ev
idence is currently lacking.

3.3. Ligands and lipids

Beyond the conformational transitions and the structural asymmetry 
described above, neither the behavior of the ligand nor the response of 
the surrounding membrane has yet been addressed. First, none of the 
observed transitions were accompanied by membrane destabilization: 
quantitative analysis of the bilayer geometry showed only minor, 
localized deformations consistent with normal thermal fluctuations, 
with no persistent global bending detected across any system (Supple
mentary Figs. S16-S23).

The following paragraphs of this section examine in detail how the 
transporter engages its substrate and the surrounding lipids, in both the 
occluded and the c-state holo replicas.

In the case of o-to-m transitions, despite full opening of the internal 
cavity and water penetration, choline remained stably bound 
throughout the holo simulations. The conformational transitions 
observed therefore correspond to the opening step of the transport cycle, 
without a coupled substrate-release event, likely to happen during 
longer timescales. Ligand stability was ensured by a persistent aromatic 
cage formed by Tyr192, Tyr195 and Trp231, which enclosed the tri
methylammonium group of choline through highly persistent cation-π 
interactions (mean persistence ± SEM: 99.4 ± 0.3%, 92.0 ± 2.4% and 
99.3 ± 0.2% across the five replicas), complemented by a hydrogen 
bond with Asp188 (46.6 ± 4.1%) (Table S11, Fig. 9).

As already noted, across all c-state simulations the protein structure 
remained stable throughout, with only limited local fluctuations, 
although lipids played a relevant role. In detail, during c-holo 1 choline 
remained stably bound to the same aromatic cage described above, 
while a lipid got inserted at the H1-H2 interface without perturbing 
ligand occupancy. In c-holo 2 and c-holo 3, by contrast, simultaneous 
lipid insertion at both the H1-H2 and H5-H6 interfaces coincided with 
transient or complete displacement of choline toward a secondary site, 
near Phe77 and Tyr295, before re-entry and stabilization at the aromatic 
cage in the case of c-holo 3 (Table S11 and S12, Fig. S24).

In the apo replicas, membrane lipids transiently approached the in
ternal cavity at the same two interfaces, with the extent of penetration 
governed by the compactness of the surrounding helices (Table S13). In 
c-apo 1, whose more open starting conformation is reflected in the 
abortive sub-population described in Section 3.2.2, lipids reached more 
deeply into the cavity through H5-H6, interacting with several residues 
involved in ligand binding, whereas the more compact arrangement of c- 
apo 2 and c-apo 3 excluded lipids from this region, restricting insertion to 
the shallower H1-H2 interface. Notably, lipids occasionally engaged this 
same secondary site (Phe77 and Tyr295), mirroring the ligand itself. 
Representative frames illustrating lipid position and orientation across 
all six c-state replicas are shown in the Supplementary Figs. S24 and S25. 
This recurring transit through Phe77 and Tyr295 suggests it may func
tion as an early binding site, sampled prior to full engagement of the 
ligand in the binding pocket, consistent with a multi-step binding 
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mechanism already proposed for this protein family [7,51,56,57]. 
Notably, the corresponding residues in CAC (Phe90 and Phe287) were 
previously shown to engage the trimethylammonium group of propio
nylcarnitine in an analogous early-binding role [51], suggesting that this 
site may be conserved among SLC25 carriers transporting similar 
substrates.

Taken together, these observations indicate that lipid-protein in
teractions in the c-state are context-dependent rather than random and 
may contribute to stabilizing specific conformations depending on 
substrate occupancy, pointing to a possible coupling between the 
conformational dynamics of SLC25A48 and its membrane environment 
that merits further investigation.

4. Conclusions

The present work provides a comprehensive analysis of the confor
mational dynamics of the mitochondrial choline carrier SLC25A48, 
combining structure prediction with microsecond-scale MD simulations 
in a realistic mitochondrial membrane environment.

Unbiased simulations captured spontaneous transitions in both di
rections between the occluded and m-state and this bidirectional 
behavior was confirmed by structural convergence analyses and TM- 
align comparison to available crystal structures, and the four resulting 
conformational states were shown to remain well separated when 
described by a distinct set of features using a supervised classifier. 
Together, these results suggest that the occluded conformation acts as a 
kinetically accessible intermediate within the transport cycle, rather 
than an artifact of the predicted starting structures.

This is one of the very few cases [58] in which conformational 
transitions in a SLC25 carrier have been observed by classical MD on a 
sub-microsecond timescale without any applied bias. The sub- 
microsecond timescale on which the transitions are sampled deserves 
further consideration, since spontaneous conformational changes of 
secondary active transporters initiated from fully stable ground states 
typically require tens to hundreds of microseconds of aggregate sam
pling. For example, Latorraca et al. observed a transition to the inward- 
open state every 14 μs for the semiSWEET transporter [59], ~300 μs 
were required to reconstruct the complete transport cycle of the MFS 
transporter NarK from crystallographic endpoints [60] and a cumulative 
64 μs to observe spontaneous transitions in the bacterial sodium-proton 

antiporter NhaA [40]. These timescales, however, reflect the stochastic 
waiting time for barrier crossing from a deep energy well, rather than 
the duration of the conformational change itself. Indeed, in Latorraca 
et al. the outward-open to occluded transition begins only after 
approximately 600 ns, whereas replicas initialized directly from the 
occluded state are substantially faster: 8 out of 14 reached the inward- 
open state within trajectories of 0.62–1.49 μs, so that the occluded-to- 
inward transition necessarily occurred during these timescales, mark
edly shorter than transitions starting from a fully stable ground state. By 
initializing the systems from the occluded intermediate, the long dwell 
time associated with the ground state is likely bypassed, placing the 
protein in a region of conformational space from which the transition 
toward the m-state is kinetically accessible. A directly relevant prece
dent is provided by Ohnuki and Okazaki [61], who used AF2-predicted 
intermediate conformations of NarK as starting points for MD simula
tions and observed large structural changes within the first 10 ns, with 
the complete transition to an inward-open-like conformation within 
250 ns, versus the ~300 μs of aggregate sampling required from the 
crystallographic ground states [60].

A consistent picture emerges from a recent free-energy study of AAC 
[62], in which committor analysis identified the occluded state as a 
decisive kinetic checkpoint of inward transport: once this intermediate 
is reached, progression toward the matrix-open conformation becomes 
dominant. The transitions captured here for SLC25A48, initiated 
directly from the occluded intermediate, are therefore consistent with 
this broader kinetic picture.

A central outcome of this study is the identification of a pronounced, 
asymmetric conformational rearrangement underlying the o↔m tran
sitions. Structural rearrangements predominantly involved Domain I 
(H1, h12 and H2), together with H3, while the remaining helices 
behaved as a comparatively rigid scaffold. This asymmetry was shown 
consistently by per-helix RMSD, inter-helical distances, m-network salt- 
bridge behavior and inter-domain contact analysis. A supervised clas
sifier, trained without any knowledge of the transition trajectories, 
identified a set of intraprotein distances involving Domain I as the 
strongest discriminant between conformational states, further high
lighting the asymmetry. LDA and PCA analysis of the MD simulations 
highlighted also a pronounced flexibility of the M2 loop, which seems to 
stabilize the matrix side closure in c- and occluded states. The presence 
of cancer-associated variants affecting residues of this loop (Arg139Trp 

Fig. 9. Interactions between choline and SLC25A48 during the holo simulations. (A) Representative snapshot from the first replica of the o-holo system. The protein 
is represented as ribbons in orchid, while the interacting residues are shown as sticks; choline is represented as sticks, colored in beige. Hydrogen bonds are shown as 
light blue dashed lines and cation-π interactions as green dashed lines. Only polar hydrogens are shown for clarity. (B) Eventplot showing the time series of the 
interactions between choline and the protein residues of the aromatic cage. The graph displays the frames in which each interaction was observed during the MD 
simulations of the o- and c-holo simulations. c-holo 2 has not been included given that choline, as described in the text, exits the cavity. For hydrogen bonds, in
teractions were counted only when the distance between the heavy atoms was within 3.4 Å, while for cation-π interactions the threshold was set to 6 Å.
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and Pro152His) further highlights its potential functional relevance and 
motivates future experimental investigation [63,64].

During the holo simulations, choline remained stably coordinated by 
a conserved aromatic cage (Tyr192, Tyr195, Trp231), even throughout 
the o-to-m transitions; while a transient early interaction site (Phe77 and 
Tyr295) was repeatedly sampled by both choline and membrane lipids 
in the c-state simulations, consistent with a multi-step binding mecha
nism analogous to that proposed for CAC [51].

A limitation of this study concerns the absence of an experimental 
structure for the occluded state of any SLC25 family member, which 
precludes direct validation of the predicted occluded conformations. 
While convergence across architecturally distinct prediction methods 
(Section 3.1) offers reassurance, it cannot fully exclude shared biases 
inherited from overlapping training data or structural homologs. Minor 
local inaccuracies in the starting models therefore cannot be excluded 
and will require experimental confirmation.

Finally, the complete transport cycle was not sampled within the 
present timescales: the transitions captured here correspond specifically 
to the opening step of the cycle; the c-to-o and o-to-c transitions, as well 
as substrate release, remain to be characterized. Furthermore, the in
termediate behavior observed in o-holo 2 (Section 3.2.1) suggests the 
existence of additional, partially occluded states along the transition 
pathway.

Future work should extend the conformational coverage of 
SLC25A48 through additional and longer trajectories, targeting these 
missing steps, to reconstruct the full transport cycle. The distinct residue 
pairs discriminating adjacent states, identified here through pairwise 
discriminant analysis, constitute a compact set of candidate collective 
variables for future enhanced-sampling studies. Such studies would aim 
at a converged, quantitative description of the transition free-energy 
surface. These directions represent natural extensions of the present 
study and will build upon the mechanistic insights already obtained 
from the MD simulations presented here.
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