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ABSTRACT: Translocator protein (TSPO), a mitochondrial membrane protein, has been
extensively studied and its role is still debated and continues to be enigmatic. From a structural
perspective, despite availability of atomic structures from different species, the possible oligomeric
state and its 3D structure remains elusive. In the present study, we attempted to study dynamics of
TSPO from the perspective of oligomerization. In this aim, we examined if and how TSPO
monomers could assemble to form dimer. Accordingly, we performed several coarse-grained
molecular dynamics simulations considering two different initial configurations, one with pair of
TSPO monomers distantly placed in a model of bilayer composed of DMPC/cholesterol mixture
and the other with preformed dimer models with different starting interactions. We identify stable
TSPO dimers with diverse interfaces, some of which being consistent with earlier experimental
observations on putative TSPO oligomer interfaces. For most of the stable ones, interactions
between aromatic residues were significantly overrepresented in diverse oligomeric organisation.
Interestingly, we identified different communication pathways that involve dimer interfaces.
Additionally, we observed that a cholesterol molecule in close interaction with TSPO dimer was
able to translocate through the bilayer. This phenomenon might be related to the putative
mechanism of cholesterol transport, and could be increased and favoured by the dimer formation.
Overall, our observations shed new light on TSPO oligomerization and bring new perspectives on

its dynamics, as well its interactions with protein and ligand partners.



INTRODUCTION

Translocator protein (TSPO) is an 18 kDa transmembrane protein that was primarily found in outer
mitochondrial membrane, though it has also been reported in other organelles, such as plasma
membrane,! nuclear envelope? and endoplasmic reticulum.? It has a characteristic property of
being enriched in tryptophan residues. While it is active in various tissues and is present in
organisms from all the three domains of life, it was first observed in nervous system, as a putative
receptor that binds to benzodiazepines.* It was named as peripheral benzodiazepine receptor
(PBR), due to the fact that it appeared to be predominantly concentrated in peripheral tissues.
However, it was later found to be involved in transport of cholesterol into the mitochondria.’
Successive experiments later found that PBR has a major role in translocation of cholesterol into
the mitochondria,®® due to which it was renamed as TSPO, the TranSlocator PrOtein.”!? This was
supported by another study in which incorporation of TSPO in E. coli cells resulted in increased
cholesterol uptake. Since E. coli mitochondria does not have cholesterol, increased uptake of
cholesterol in TSPO transfected cells further reinforced the idea that TSPO is indispensable for
cholesterol translocation.!!-!> Further site-specific mutagenesis studies revealed the presence of a
cholesterol-binding motif, called as Cholesterol Recognition And Consensus motif or ‘CRAC’
motif, to which cholesterol was found to bind at nanomolar affinities.® Located at the C-terminal
of the protein, the motif is largely hydrophobic in nature, and consists of residues L/V-(X)1-5-Y-
(X)1-5-R/K.%8 The presence of a positively charged residue at the end of the motif suggests that
it may act as a tether that interacts with the hydroxyl group of cholesterol. This is also supported
from the recent gene-deletion studies by means CRISPR/Cas9 method, where TSPO deletion
resulted in reduced steroid transport into mitochondria.!® Furthermore, an alternate cholesterol-
binding motif adjacent to the CRAC motif was characterized recently.!”-'® This motif has a
sequence pattern palindromic to CRAC motif, and thus was called ‘CARC’ motif. It has to be
noted that the implication of TSPO in steroid biosynthesis has been questioned in several studies,'*-
21 and no clear conclusions have not yet been made on this aspect nowadays.

Apart from cholesterol transport, TSPO has also been observed to play a role in various other
processes, such as transport of porphyrin,>? erythropoiesis,? reactive oxygen species (ROS)-
mediated apoptosis,?*?’ neuroinflammation?®-3° to name a few. However, despite these significant
advances in knowledge of TSPO and its implication in various biological processes, its exact

function continues to remain a mystery.



Similarly, until recent past, the structural knowledge of TSPO at atomic level also remained
unknown. Earlier molecular modelling studies on TSPO supported by NMR experiments
suggested that it folds into a five-helices transmembrane domain (TM1 to 5),”3! which was
confirmed from low-resolution cryo-electron microscopy studies.??-34 The first atomistic structure
was finally solved for the mouse sequence (mTSPO) by NMR spectroscopy? in DPC micelles. In
this environment, the protein folds as a monomer. Meanwhile, X-ray crystal structures of bacterial
TSPO were resolved and revealed the existence of different TSPO oligomers,3%37 confirming
earlier cryo-electron microscopy results'43® showing that TSPO may be found in oligomeric
arrangement. For instance, Bacillus cereus TSPO was found as a homodimer?” or a monomer
depending on the crystallization conditions. Rhodobacter sphaeroides TSPO wild type3® is a dimer
in the crystal environment as its A139T mutant. Noteworthy, in this last case, a third chain makes
significant contacts with a chain involved in the dimer, which brings additional stabilization forces
on the assembly present in an asymmetric unit cell. Moreover, transmembrane helical segments
involved in the dimerization may differ between the bacterial dimers. Interestingly, recent solid-
state NMR experiments also revealed another picture for the mouse TSPO: TSPO was found to
exist in a dynamic equilibrium between monomer and dimer, with the dimer interface® being also
different from the bacterial forms. The change in stoichiometric orientation was found to be
dependent on the interaction with cholesterol that would trigger the dissociation of dimer into
monomer.

In summary, though the assembly of TSPO monomers into quaternary structures are relatively
well-documented, there are significant differences in the nature of oligomeric interfaces and the
prevalent stoichiometric arrangement, depending on the sequence and/or the experimental
conditions, in particular, the cholesterol concentration. As a consequence, even though it is
unequivocal that TSPO has the capability to oligomerize, the interface of the oligomer continues
to be elusive.

Overall, all these results underline the difficulty to conduct experiments on TSPO not only because
it is a transmembrane protein but also because it seems to be highly sensitive to the environment.
Consequently, to gain further insights in this enigmatic protein, alternative approaches are needed.
From several decades now, molecular simulations have demonstrated their usefulness to complete
experiments and their capacity to help in understanding mechanisms at a resolution that is difficult

to reach in experimental studies. Therefore, in the present study, we examine the dynamics of



TSPO dimerization using molecular dynamics simulation and address the following questions:
Can TSPO monomers diffuse in a model membrane, assemble into a dimer that remains stable?
What is the nature of the dimer interface? What are the stabilizing forces? What are the key
residues involved in the dimerization process? And what about the behavior of cholesterol
molecules near the dimers? Accordingly, we performed a large number of molecular dynamics
simulations using a coarse-grained force-field and choosing different initial conformations of the
system to better sample the conformational space. Our results bring support to some conclusions
drawn from experiments but importantly, they revisit and enlarge the vision of the oligomeric state
of TSPO. Interestingly, we have also discovered that distant residues from the interface participate
in the dimerization through a network of long-range interactions. Finally, and importantly, we
observed how TSPO can accompany cholesterol transfer, playing its reputed role of cholesterol

transporter.

MATERIALS AND METHODS

Molecular dynamics simulations

Inspired by the experimental work of Jaipura et al.>* who examined dimerization process of TSPO
in DMPC/Cholesterol liposomes with solid-state NMR experiments, we performed simulations in
the same lipid-cholesterol ratio. The starting monomer structure was the solution NMR model #1
of mouse TSPO (PDB ID: 2MGY). Coarse-grained models were described by Martini 22 force
field.#>+> Classical parameters have been chosen for ion and water representations, meaning a non-
polarizable model. Secondary structure calculated with DSSP software was maintained. The
choice of such force field can be questionable, because of its known weaknesses.*¢ However, we
have preliminary compared CG simulations of mouse (and bacterial TSPO monomers) with an all-
atom force field (Charmm36 and amber ff99SB-ILDN) simulation. Results show that fluctuations
between the two cases are in the same order of magnitude (maximum about 2 A for TM regions).
We even observed an overlap between the conformational space sampled in the simulations for
each cases (Supp. Figure 1). Those observations brought some support to the validity of our choice
to use the Martini force-field with he given protocol.

For the initial conformations, we considered two types of coarse-grained setups: i) TSPO

monomers were placed at a large separation distance in a lipid bilayer and ii) TSPO monomers



were placed at a short distance as a preformed dimer in a lipid bilayer. Figures 1A and 1B represent
both cases.
For the first case, the monomers were separated by a distance of 55-60A and oriented with respect

to the membrane using PPM web server#%-4!1,

TSPO_Mouse 1 MPESWVPAVGL TLVPSLGGFMGAYFVRGEGLRWYASLQKPSWHPPRWTLAP 51
TSPO_Mouse 52 IWGTLYSAMGYGSY | VWWKEL GGFTEDAMVPLGLYTGQLALNWAWPPI FFGA 102
TSPO_Mouse 103 ROMGWAL ADLLLVSGVATAT TLAWHRVSPPARRLLYPYL AWLAFATVLNYY 153
TSPO_Mouse 154 VWRD|NS GRRGGSRL PE 169

| TMI1: 7-26 | TM2:4663 |

TM3: 82-101 TM4: 106-124
TMS5: 134-157

Figure 1: Presentation of the systems studied. TSPO is a transmembrane protein, composed by 5

TM helices. A) Representation of the "Sim_Dimer X rY" (X is the rotation angle and can be 90,
180 or 270 degrees and Y the replicate) simulations. Two TSPO monomers (loops of the first and
second monomer in brown and silver, respectively) are separated with a distance of 60 A and are
embedded in a mixture of DMPC/cholesterol bilayer. Membrane is shown in surface and its limits
have been showed by golden spheres corresponding to phosphate groups. B) Pre-formed TSPO
dimer based on the dimer structure of Jaipiruia et al.3°, representing the several simulations named
"Dimer_model X" and “Dimer model X Y” (where X and Y is the rotation angle for each
monomer). The 0° of rotation for both monomers corresponds directly to the NMR model and is
called “Dimer model NMR”. Black arrows represent the two possibilities of monomers rotation
considered in our several calculations. C) TSPO mouse protein sequence, with position of the 5

TMs, their definition and the colour code for each of them.



Replicates of starting system were constructed by rotating one of the monomer chains by 0°, 90°,
180° and 270° with respect to the other monomer. The protein chains were embedded in a bilayer
consisting of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid and cholesterol, in the
molar ratio of 10:5 (about 400 lipid molecules and 200 cholesterol molecules), using the Charmm-
Gui server . This ratio was used in order to reproduce the observations made from the solid-state
NMR experiments.> For each system, two replicates have been carried on, with a change on the
initial input velocities. The protocol is as follow: the system was subjected to energy minimization
by steepest descent method for 50,000 steps. The energy-minimized system was then subjected to
equilibration in NPT ensemble, with position restraints imposed on the backbone as well as side
chain beads of the protein. The equilibration was performed for 1ns, with 0.01ps time step. The
temperature was maintained at 300K, by means of Berendsen thermostat*’ and pressure was
maintained at 1 atm by means of Parinello-Rahman barostat with semi-isotropic pressure
coupling.®® The equilibration was performed in 5 steps of 1ns each, for a total of 5ns, where each
step involves gradual relaxation of protein by reduction of position restraints by 1,000, 500, 100,
10 and 0 kJ/mol.nm?. After equilibration, production simulation was performed for 10us, with time
step of 0.01ps in NPT ensemble, using the V-rescale thermostat.*® All the preparatory steps and
the simulations were performed using GROMACS program (version 4.6.7 or later).4%> In global,
8 simulations, of 4 different orientations, with lipid-cholesterol ratio of 10:5 are realized. The total
sampling was 80us in 8 simulations. Those simulations are mentioned in the text
“Sim_Dim_ X rY”, where X is the rotation of the second chain and Y the number of replicas (1 or
2)

For the second system, a TSPO dimer model was constructed to reproduce the interface observed
in the solid-state NMR experiments. The dimer model was constructed by HADDOCK protein-
protein docking web server.’32 To ensure that the dimer interface in our model is similar to the
interface described from the solid-state NMR experiments, the residues observed to contribute to
the dimer interface, 83-GLYTG-87, were constrained as the putative dimer residues. The best-
scoring complex was selected, and was found to have interface similar to the interface observed in
NMR study.

Starting from these results, four more starting orientations were constructed, by rotating one of the
monomer chain with respect to the main axis of the other chain by 60, 90, 180 and 270°

respectively, perpendicular to the membrane plane. In this way, we postulate that those systems



can explore another part of the conformational space of the TSPO-TSPO dimer, and thus complete
the sampling obtained with the simulations of separated monomer. The dimer models oriented
with respect to membrane axis were embedded in a bilayer with the same composition as for
systems 1, but using directly martinize.py and insane.py scripts, and choosing similar membrane
composition as above, in terms of number of lipids, cholesterol and water. The system was
prepared by means of energy minimization and equilibration using the same protocol as described
above. Simulations were performed on all the dimer orientations for 10us each resulting in the
total sampling of 50us. Those calculations are named in the text “Dimer model X” with X the
rotation angle of second chain (and NMR for the initial NMR model3°).

To provide a more exhaustive sampling, 14 additional simulations have been carried on. For four
rotation of the second monomer (0, 90, 180 and 270°), we have considered four rotations of the
first monomer at 0, 90, 180 and 270° around its own axis (as depicted in Figure 1B). Two systems
on the 16 are equivalent to some systems already sampled, leaving 14 new systems. This pushes
our study to 27 simulations, for a total duration of 270 ps. Those supplementary calculations are
named “Dimer_model X Y”, with X and Y the rotation angles for both monomers. For the sake
of clarity, those simulations won’t be detailed as the 13 others (for example, not for the structural
protein network analyses) but their results are considered for every global analyses we present. A
summary of all the simulations can be found in the Supplementary Table 1.

Analysis of all those simulations (RMSF, RMSD, distance calculation, etc.) are been realized with
the GROMACS tools#->°

Representative conformations and calculation of interface areas

For the simulations where the dimerization was successful, we attempted to study in details the
interface, starting from the surface area of contact. To answer this question, we extracted dimer
conformations that are representative of the given simulation, and calculated interface area for the
dimer representative. To do that, part of the considered trajectory where the monomer chains are
in contact with each other, i.e. the minimum distance between monomers <5.2 A, is extracted. All
the following analyses, including Protein Structural Network (PSN) and Dynamic Cross-
Correlation Matrix (DCCM), are made on this subset of simulations with the Bio3D tool.>

On the extracted conformations from each simulation, RMSD-based clustering was performed
using g cluster tool of GROMACS#-?), with RMSD threshold above which given pair of

conformations are separated into distinct clusters is 3.5A. For each simulation, the conformation



representative of the cluster with largest population of frames was extracted, and back mapped into
all-atomic representation using 'backward’ tool.>* On the representative dimer structures, interface
surface area was calculated using the following method:

IA = (ASA, + ASAy) - ASA4 (1)

Where IA is the interface area, ASA, is the solvent-accessible surface area for the monomer chain-
A, ASA, is the solvent-accessible surface area for the monomer chain-B, and ASA; is the solvent
accessible surface area for the dimer. The solvent accessible surface areas were calculated using
Naccess program.’® The interface area was similarly calculated for the experimental X-ray
crystallographic structures of TSPO dimers form R. sphaeroides and B. cereus, and compared with
the interface area of representative structures from MD simulations. The representative structures
were visualized and the TM regions present at the interface were noted. TM regions were obtained

from the OPM database* and are reported in Table 1.

Analysis of interface frequencies and interacting residue pairs

We also attempted to understand what was the frequency of interaction associated with a given
pair of TM regions. To answer this question, we calculated distance between centre of mass of all
the 5 TM regions (as detailed in Figure 1) with each other from the dimer ensemble, using g_dist

tool of GROMACS of residues.

For an interaction involving given pair of TM regions, we calculated the frequency for every pair
of TM regions. To determine which residues participate in the dimer interface, we calculated the
frequency of residue contacts for the ensemble of dimer trajectories, using an in-house program.
We used bead-bead distances with a distance threshold about 5.2 A but different thresholds were
used to support the main conclusions (and other criteria have been tested). Interacting TMs were
deduced from the list of these residues using the TM definitions given in Figure 1.C.

The gmx mdmat tool of GROMACS,*»** combined with CONAN program.>® was used create a
representative trajectory. The top-5 residue pairs that have maximum contact time (in terms of %
of trajectory time) were identified, and the nature of interaction was identified based on the side-
chain interactions, using CONAN program.

Cholesterol Dynamics



The translocation mechanism of cholesterol was followed by computing the number of instances
for which the ROH bead of cholesterol is in close proximity (<5.2 A) to C3B bead of DMPC, since
this bead is found in the center of the membrane. We have made the analysis only on the frames
in which a TSPO dimer is formed. Presence of a polar ROH bead in hydrophobic environment of
C3B bead indicates possible translocation of cholesterol across the bilayer. To differentiate
between such instances occurring in proximity to TSPO and far from the TSPO protein, we
performed the calculations accounting for both the conditions. The ratio of number of possible
translocated cholesterol molecules over the total number of molecules (in all the system and near

the TSPO dimers) has been calculated and analysed.

All-atom simulation

We have extracted a few representative structures from CG simulations and all-atom simulations
have been carried on in order to verify the stability of the dimer formed in a more detailed
resolution. The three structures considered, with 3 different interfaces (TM1-TM3/TM1-TM3-
T™M4, TM2-TM5/TM2-TMS5, TM1-TM2/TM3-TM4) have been back-mapped from Martini to the
Charmm36 force field. The entire system (dimer with DMPC membrane and cholesterol) has been
simulated in all-atom resolution with GROMACS software. The protocol is as follows: an energy
minimization of 10000 steps with steepest descent method has been employed, followed by a
heating phase of 25 ps at 300k with Berendsen thermostat. Restraints have been put on the
backbone and the sidechains of the protein. Equilibration phases begun, in 5 phases of 50 ps each
in the NPT ensemble. In each phase, restraints have been gradually decreased from 2000 to 1000,
500, 200, 50 and 0 kJ/mol.nm?, respectively. Finally, MD simulations have been performed for a
total duration of 200 ns, with a time step of 2 fs.

RESULTS

TSPO monomers assemble to form dimers in most of the simulations

The assembly of TSPO monomers into dimers were first assessed by calculating the minimum
distance between any atom of the two TSPO monomers as a function of time for every simulation.
The dimer was considered as formed when this distance was smaller than 5.2 A. Amongst the
eight replicates of 10us starting with separated monomers, TSPO monomers come in close contact

(Supp. Fig 2), forming long-lifetime dimers in half of them. In the resting cases, dimers of short-



lifetime may also form but finally dissociate (Supp. Fig 2). This result clearly indicates that the
monomers contacts may not occur incidentally but dimer formation needs specific interactions to
be stabilized. This dissociation process also shows that the Martini CG force field does not
necessarily artificially favour association at least in the case of this polytopic membrane protein.
When starting with pre-formed dimers with different relative orientations of the two monomers
(19 replicates of 10 us each), whatever the simulations, the two monomers remained close to one
another but interacting regions vary along the simulation. Thus, despite stabilizing contacts,
fluctuations remain rather large (Supp. Fig 3), which shows that the complex is highly dynamic.
As expected, the regions with the largest fluctuations correspond to connecting loops but
transmembrane domains are not deprived of motions. We can also observe that the dimer starting
from the NMR is dynamical, with a minimal distance between the center of mass of the two chains
about 27 A (average distance: 30 A). This system is even more dynamic, with higher fluctuations,
than a dimer formed during the simulation of two initially separated monomers (minimum
distance: 23 A, average distance: 27 A). Clearly, alternative stable conformations do exist beside
the NMR model.

The minimum distance is a good criterion per se but it does not guarantee that the interface is large
enough to stabilize the complex. Accordingly, we examined the number and nature of residues that
participate in the interface, i.e. residues of one monomer in contact with residues of the other
monomer. We focused on the transmembrane region TM and chose a 5.2 A distance criterion
between any beads to define a contact. The number of contacts covers a large range of values,
extending from 15 to 35, the largest number of contacts being observed for the simulation

mentioned above starting with a pre-formed dimer (Fig. 2 and Supp. Fig 4).
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Figure 2: Contact number between the two TSPO chains during the course of the several
simulations. Only 9 main simulations in which at least one contact has been observed are shown
here.

Along the time course of the simulations, the number of contacts tends to decrease for the pre-
formed dimers and to increase when starting from separated monomers. We have also analysed
the distribution of the number of contacts in all simulations in association with the part of the
structure involved. It appears that TM 1, TM2, TM3 and TMS5 are the most frequently involved, in
terms of contact number, in the different interfaces sampled, as shown on figure 3A. Interestingly,
there is a tendency of TM1 and TM3 in one hand, and TM2-TMS5 on the other, to interact together
within an interface, Since the threshold choice might be arbitrary, we checked its impact using a
slightly increased value, i.e. 6 A (Supp. Figure 3). Interestingly, using this value, the number of
contacts tends to converge between the two sets of simulations, reaching on average 35 at the end
of the simulations. The conclusions remain the same.

Dimerization can occur through large different interfaces but some TM pairings are preferred:
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Figure 3. A) Total contact numbers for each residue calculated for all the frames saved from the
whole set of trajectories. Contacts are defined on a distance-based threshold < 5.2 A. B)
Distribution of interface area of all the dimer formed during the 9 simulations. Black lines represent
the position of some interface area of experimental dimers.

Besides these distance criteria, we also examined the size of the buried interface. We first rebuilt
as all-atom structures of the most representative dimer CG-structures extracted from the different
trajectories (see Material and Methods) and calculated the corresponding interface area. The
distribution of dimer interface (Figure 3.B) is bimodal, the first one centered on [2000-2500 A2]

and a second one on [3300-3500 A2]. We can observe that the interface area of the dimer we

sampled is much higher than the one currently listing in the experimental structures, but we also



retrieve equivalent structures in term of interface area, especially near the B. Cereus dimer from
4RYJ PDB file.

We analysed the number and nature of transmembrane segments that participate in the dimer
contacts using the same distance criterion as above, as detailed in Table 1 and figure 3A. They
show that TM3 is the most involved in TM-TM interfaces, but its pairing partner varies, the
preferred one being by far TM1 (24% of all the pairing sampled). The second most represented
pairing is TM2-TMS5, with 22% of the sampling.

Table 1: Heatmap representing the percentage of TM pair contacts during all simulations in which

a dimer is formed or already formed.

™1 ™2 ™3 T™4 T™M5
™M1 3% 14% 7%
T™M2 5% 13% 22%
T™M3 5% 14% 10% 5%
™4 14% 13% 10% - 7%
TM5 7% 22% 5% 7% 9%

The number of TM regions participating in the interface can significantly vary, e.g. 1 TM from
each chain (1ITM:1TM), 1TM from one chain with 2 TM from the other chain (1 TM:2 TM) and
2 TM from each chain (2 TM:2TM). Actually, the 2 TM:2TM association mode is the most
frequent one, i.e. ~ 4 TMs are involved in the interface. This mode of association corresponds to
the second largest peak in the interfacial area distribution (Figure 3B). Interestingly, even though
the system is highly dynamical, in 55% of the dimer conformations, the interface involves a
symmetrical pairing, e.g. TM4 and TM5 of monomer A interacts with TM5 and TM4 of monomer
B, respectively. Note that symmetrical pairings would correspond to even oligomers while non
symmetrical interface would lead to odd oligomers.

Table 2 shows the distribution of the nature of TMs involved in these symmetrical interfaces. The
results show that three interfaces are overrepresented: TMS5-TMS (29,7%), TM3-TM3 (25,7%) and
TM1-TM3 (16,1%). Results show clearly than TM1, TM3 and TM5 are the three most preferred
TMs regions in those symmetrical interfaces. Details about the main interactions and residues

involved for each main simulation are given in Supp. Table 2.



It has to be noted that very similar results were obtained with different thresholds and different
measures tested, e.g., from distances between centers of mass of transmembrane segments.
Table 2: Distribution of TM associations in the interface involving symmetrical pairings. It results

from the number of occurrences of this symmetrical pairing by the total number of symmetrical

pairing.

Nature Of. the Percentage of

symmetrical .
. existence
interface
1 - 1 8.1%
1 - 3 16.1%
2 - 2 5.5%
2 - 5 5.4%
3 - 3 25.7%
4 - 5 5.7%
5 - § 29.1%

Interactions between aromatic residues were the most dominant at the interface
To better understand the nature of interactions occurring between the residues of TSPO chains, we

focused on the frequencies associated with residue contacts for the whole set of trajectories and
for the representative set of conformations. As an example, the eight most abundant residue pairs
observed in the whole set of simulations are given in Table 3. A most detailed table is available in
Supp. Table 3. Depending on the threshold value, the ranking of preferred pairs of residues may
slightly change, but we systematically found that Leu, Phe, Tyr and small residues like Gly, Ala
and Thr were frequently involved. This result is expected since these last three types of amino
acids are the most abundant ones among the accessible residues in the structure. Especially, Leu
residues are the most accessible, and consequently the most frequently observed in contact.
However, considering their frequency of accessibility, the percentage of observed contacts seems
to be underrepresented, except for Thr (see Supp.Table 3). In contrast, despite a smaller number
of accessible Phe in comparison with Leu, Phe-Phe pairing is extremely frequent and significantly
overrepresented. Similarly, but to a lesser extent, Trp-Trp and Tyr-Tyr contacts are abundant and

slightly more represented than would be expected from their accessibility.



Table 3: Distribution of most frequent (above 3%) type of pair of contacts. The observed contacts
have been calculated by the ratio between the identified pair over the total number of contacts.
Cut-off distance has been set to 5.2 A. Score is defined by the ratio between the observed contacts
over the combination of both accessibility frequencies (calculated with Naccess). A “+” value

[T3E13

means that this contact is overrepresented in respect to pair accessibility, and a value means
that the contact is underrepresented, despite a high accessibility. “++” symbol means that the
residues pair is highly overrepresented compared to the number of residues accessible. A more

detailed version is given as Supp. Table 3.

Contact pair | % Observed Contacts | Score
LEU | LEU 10.9% -
PHE | PHE 5.6% ++
PRO | PRO 5.3% +
TYR | TYR 4.6% +
THR | THR 4.3% +
GLY | GLY 4.2% -
ALA | ALA 3.62% -
TRP | TRP 3.2% +

Thus, despite the fact that TSPO has abundance of 'SmxxxSm' motifs, that are hypothesized to
mediate dimerization in various TM proteins,”’° and besides the Leu-Leu most
frequent contacting residues, aromatic residues seem also frequently involved to mediate
dimerization. As an additional support to this observation, when we started with a model based
on solid-state NMR data, which involves only the TM3 and a GxxxG dimerization motif
(residues 83-87 of TM3, Fig. 4A),*° this dimer interface is not retained along the simulation.
We observe that the interface evolves to finally involve TM1 and TM3 for both monomers.
Consequently, the interaction between GxxxG motifs, which was the only interaction in the
starting model, is now enriched with other kind of interaction (aromatic interactions manly),

and especially Phe-Phe pairing (see Fig 4.B).



Figure 4. A: Starting structure of TSPO dimer model, with interface similar as described by
Jaipuria et. al. Residues of GxxxG motif (83-GLYTG-87) are represented as yellow spheres. B: A
representative conformation of TSPO dimer from the simulation with starting conformation
described by Jaipuria et. al,*® with a zoom on the newly formed aromatic interactions at the
interface. Residues at the newly formed interface are shown by the Licorice representation and
belong to TM3 and TM1. TM regions 1 to 5 are represented as red, orange, yellow, green and blue
ribbons respectively.

Possible explanations for these observations might be: 1) the sampling of the conformational space
corresponding to these particular interfaces was not sufficient, ii) the Martini coarse-grained force
field is less favorable for these interactions but more favorable for aromatic-aromatic interactions,
ii1) the absence of ligand in our simulations might have affected the monomer dynamics and per
se might have modified the dimer formation and finally, iv) the interface size of the putative
experimental dimer model is too small, (only about 5 residues are involved)’® to maintain the
stability of the complex. Consequently, initial interface of TM3 changed to a larger interface
involving TM1 and TM3. Interestingly, the interface between TM1 & TM3 from our simulations
is very similar to the dimer interface observed in R. sphaeroides.>® In addition, it is important to
note that our results are in agreement with recent molecular modelling studies, showing that an

interface between TM1 & 3 is more stable than that of TM3 observed from NMR studies.®® Note

that in the present study, this result was reached without making any hypothesis on a putative

similarity with the dimer interface observed R. sphaeroides, but was obtained consecutive to an

exhaustive sampling.
As mentioned above, whatever the followed protocol and even when the dimers are formed, the
complex remains highly flexible, as well at the level of the interfaces as for the monomers

themselves. This is more clearly visible, when average contact maps for the ensemble of all the



dimer trajectories are calculated and compared with the average contact map for the 20 NMR
models available for mouse TSPO. The average NMR topology is largely conserved in the
ensemble of dimer trajectories (Fig. 5 A & C), as indicated by conservation of contacts between
different TM regions. However, we also observed that while initial contacts are conserved, new
contacts were also formed in the average ensemble of dimer trajectories, e.g TM regions 1 with 5
and 3 with 5 (Fig 5, B & D). The fact that TM regions initially located far from each other, become
in contact suggests that the overall topology of the protein has become more compact. This may
be attributed to the absence of ligand that was present in the experimental structure but not included
in the present calculations.

In order to verify the stability of the main dimers observed in the CG simulations and assess the
robustness of our observations with respect to the force field and protocol chosen, all-atom
simulations have been realised for three representative interfaces: the two main ones in terms of
contact number (TMI1-TM3/TM1-TM3 and TM2-TM5/TM2-TMS5) and a third one, less
representative (TM1-TM2/TM3-TM4). On the 200 ns duration of those simulations, we observed
that the three dimers remain stable all along the simulations. Interactions are mainly hydrophobic,
involving o-m and aromatic interactions (such as depicted in Figure 4B), but some H-bonds
interactions are also present. The predominance of aromatic contacts was still maintained, which
means that it seems not due to an artefact of the force field chosen, confirming the agreement with
experimental results.

A putative cholesterol translocation mechanism was observed:

As TSPO is assumed to be a cholesterol transporter, we attempted to investigate the behavior of
the cholesterol molecules with respect to the different TM regions and more specifically in relation
with the dimer formation. First, we analyzed the location of cholesterol molecules with respect to
the TM domain in the whole set of simulations considering a distance criterion. Whatever the

threshold chosen, we did not notice any specific location with respect to the two
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Figure 5 A: Plot showing average contact map of conformations from the NMR structure of mouse
TSPO (PDB ID: 2MGY). B: Plot showing standard deviation of contact distances from the average
contact map of conformations from the NMR structure. C: Plot showing average contact map of
ensemble of conformations from all the simulations involving dimer state. D: Plot showing
standard deviation of contact distances from the contact map.

well-known cholesterol-binding motifs, CRAC (residues 149-157) and its reverse counterpart

CARC (residues 135-141), located in TMS, in comparison to the rest of accessible residues.
Cholesterol molecules are spread homogeneously in the membrane despite the presence of dimers.
Yet, looking thoroughly at the simulations, we found several cholesterol molecules with a long
residence time, close to the putative functional motifs. While many cholesterol molecules that were
close to CRAC motif diffused away along the x-y plane, those cholesterol molecules were
translocating between the lower and upper leaflet, by means of a flipping mechanism involving
several residues of the protein. Some of them interacts with A147 residue of TMS5 (Figure 6.A&B).

Flipping of cholesterol between the two leaflets has already been observed by means of molecular



dynamics simulations, in absence of any proteins and we actually observed such a flipping
mechanism for many other cholesterol molecules, far away from the protein. Consequently, we
have calculated the ratio of flipping cholesterol molecules in all the membrane over the total
number of cholesterol and the ratio of flipping cholesterol molecules close to the dimer over the
total number of cholesterol molecules near the protein, respectively. Averages on all the 19 CG
simulations in which dimerization occurs show that the overall ratio within the membrane is about

1.24% of flipping cholesterol, and about 3.4% near the TSPO dimers.

A

Cholesterol

Figure 6 A: Position of cholesterol next to the TM5 (interacting with the A147 residue) in the
lower leaflet during our simulations. B: Position of cholesterol molecule after the flipping
mechanism, induced by the TMS3, in the upper leaflet.

Results over all the simulations shown that the average ratio is higher when the cholesterol is near
the protein compared to those spread over the full membrane (about three times higher in average).
It means that TSPO could facilitate the translocation of cholesterol within the membrane. In the
several simulations, including the all-atom ones, we do observe that some residues of TM3 and
TMS5 of both monomers are involved in the translocation mechanism, such as depicted in Figure
6. Thus, it suggests that TSPO would facilitate cholesterol translocation, using residues of the
protein as a hook, compared to pure membrane. This observation requires further investigation to
be definitely confirmed by all-atom simulations that would be more appropriate in this case.

Different long-range communication pathways were found:



The significant motions observed for the whole set of trajectories question on how they impact key
functional regions. Accordingly, we calculated dynamic cross-correlations matrix (DCCM) for
each trajectory and performed a protein structural network (PSN) analysis that has proved to be a
useful approach to pinpoint long-range interaction pathways in protein dynamics. Depending on
the simulations, the DCCM pattern varies but in any case, long-range interactions exist, either
inside one monomer or between the two chains. For 4 simulations, we observe intramonomer long-
range interactions that involve several parts of one or both monomer but with no communications
between them (see Supp. Figure 5). In these cases, TM1, TM2 and TMS5 are mostly involved.

For the 5 others simulations, intermonomer communication takes place through the dimer interface
and could involve several parts of both chains. Especially, the parts of the two chains located in
the lower leaflet are mainly involved in those intermonomer communications, and imply TM1,
TM3 and TMS for both monomers in majority (Figure 7) and TM2 in a lesser extent (cf Supp.
Figure 5).

fg

Figure 7: TSPO dimer structures indicating allosteric communication pathways in dimer
orientations from different simulations in 33% cholesterol concentration, in both simulations with
dimerization process (left) or already formed dimer (right). TM regions 1 to 5 are represented as
red, orange, yellow, green and blue ribbons respectively. Communication nodes (pink dots) and
allosteric communication pathways (orange cylinder) were traced from the matrix containing
correlations of residue motions from different simulations, using Bio3d MD analysis package.?
Their size are proportional to their importance. A cut-off of 0.7 is chosen for representing the most
important connection of the pathway.



Intermonomer communication dominates in those simulations. It appears that these interfaces
involve TM1 and TM3, and the predicted network shed light on a connection with those TMs and
TMS5. However, while the allosteric pathway described by Jaipuria et. al. involved the residues of
dimer interface (83-87), residues of TM2, 4 and the CRAC motif (TM5), we found that residues
of CARC motif are also involved in this pathway (residues 135 and 136 of TM5) [14,15]. Despite
this slight difference, the observed connection between the TM1-TM3 interface and the TMS can
activate its own dynamics, and especially the CRAC and CARC motifs, allowing the cholesterol
to translocate more easily.

Finally, it is worth to mention that connecting loops between the TMs are also involved sometimes
in the intramonomer or intermonomer communications.

DISCUSSION

In the present work, the simulations have been performed starting with the NMR model. However,
this structure is suspected not to correspond to the native folded structure, due to the DPC detergent
used in the experiment. As it was recently argued by Xia et al., a homology model based on the R.
Sphaeroides X-ray structure would better reflect the folded state while being compatible with
NMR data.b! However, the very long simulations that we performed in the presence of a DMPC
bilayer, underline high dynamics properties in absence of ligand. To check whether this might be
an artefact due to some induced-detergent defects of the initial structure, we compared in a CG
resolution, the dynamics of the R. Sphaeroides monomer with the mouse monomer, both in apo
form. Starting from PDB ID: 4UCI1, which possess a better resolution, we build a model of R.
Sphaeroides TSPO to reverse the A139T mutation to the native sequence. PCA analysis on the
two simulations reveal that an overlap exists between both dynamics (overlap between both PC 2)
and the conformations explored (unpublished results, PhD Thesis of Rajas M. Rao). This overlap
shed lights on common dynamical and structural properties between both proteins. This fact allows
us to propose that the experimental conditions on the NMR model by itself have not produced
artefacts in terms of dynamics. Similarity might be due to CG representation but when we
simulated Bacillus Cereus using the same protocol and equivalent sampling, the conformational
landscape was different. In addition, on the structural point of view, it is important to remind that
the biological environment of the bacterial is quite different from the mammalian form, because
of the lack of cholesterol molecules in the bacterial mitochondria membrane. It is well established

that membrane composition affects protein structure, dynamics and oligomerization. Thus, such



differences could imply structural modifications compared to the mammalian forms. On the
sequence level, the shortened loop between TM1 and TM2 on the bacterial sequence can also have
an impact on the stability of the tertiary structure. Consequently, a single structure, i.e. neither the
NMR model nor the X-ray based-structure is able to reflect this diversity of conformational states,
which seems to be the hallmark of the protein in absence of ligand. The presence of ligand in the
experimental structures may have contributed to trap only one conformation amongst a huge
number of possibilities. Accordingly, the large conformational sampling obtained in the present
study thanks to the coarse-grained force field might better represent the states that can be adopted

by the protein, which is also reflected in the different assemblies obtained experimentally.

Consequences of interfaces diversity: existence of higher order oligomers

In the context of dimerization, the large set of simulations, which differ in starting structures and
velocities, shows that TSPO may form a large diversity of stable dimers by combining different
TM regions as interfaces. Our study is the first work that conducts an exhaustive study of the TSPO
dimerization process. It demonstrates that stable TSPO dimers can be formed. Interfaces not
detected in any of the experimental studies were obtained, suggesting that our simulations have
sampled a wider interaction space than the experiments. The presence of multiple complexes
suggests that the interaction between the TSPO monomers may be opportunistic, or more
interestingly, it may hint towards existence of TSPO higher-order oligomers. Indeed, the diversity
of interfaces area, number and nature of TMs involved is quite large and compatible with high-
order oligomer organisation. Notably, this diversity in oligomeric state was already observed in
X-ray structures and NMR studies.’®37 As an example, the asymmetric unit of R. Sphaeroides
TSPO crystal, for which the authors also suggest the existence of higher-order TSPO oligomers,
contains three chains that are involved in two pairs of dimers. A first large interface involves TM1-
TM3:TM3-TM1, which is also one of the most preferred in our simulations. The second interface
slightly smaller is formed by TMI1-TM2:TM5.3¢ This might be an artefact of crystallization
conditions (as described by the authors themselves) but in any case, it shows that significant forces
stabilize this assembly. Interestingly, the existence of a large number of TM2-TMS5 contacts in our
simulations (about 22% of the contacts sampled) strengthen the possibility of a real stable
interface. In summary, we observed presence of both the interfaces observed for R. Sphaeroides

in two separate simulations. In contrast, the interface of B.cereus TSPO dimer, involving TM2



from each monomer was indeed observed in our study, but with a low percent of our conformations
sampled compared to the R. Sphaeroides interfaces.>’ Eventually, the dimer model of TSPO dimer
observed from NMR studies,*® which we attempted to reproduce, did not persist in our simulations
in its native state but we found that a similar long-range mechanism exists between the dimer
interface and the TMS5 region, as suggested in NMR studies. Apart from these X-ray and NMR
structures, larger assemblies have also been documented in previous experimental studies.!433
Overall, our simulations are supported by experimental observations and show that dimer
formation can be accomplished through a wider range of possibilities. AA simulations reveal a
good stability of our dimers sampled by CG simulations and assess our results obtained with the
Martini force field, despite its known weaknesses. To go further, metadynamics-like simulations
combined with CG simulations could be employed to assess quantitatively the energy of the
several dimers we sampled.®?. Nevertheless, convergence of free energy calculations requires a
huge sampling of all the degrees of freedom, which is difficult to attain considering the size of the
system, even using biased-methods.

Importance of aromatic residues in a tryptophan-rich protein

Solid-state NMR experiments have proposed residues 83 to 87 to form a dimerization motif, the
so-called ‘GxxxG’ motif.3* A similar motif is also involved in the dimer interface in B. cereus
TSPO.37 GxxxG motifs have been observed to be part of dimer interface in a variety of TM
proteins,>7-63-67 such that they have been often hypothesized as the primary drivers of interactions
between TM helices.®3%° This motif, where Glycine is the key element, has been extended to
consider other small residues leading to the general motif referred to as ‘SmxxxSm’ motif,>%70
which has been observed to be abundant in TM proteins. The interaction by such motifs involves
hydrogen bonds between the backbone atoms of the small residues.®”-6%7! Aromatic residues have
also been documented to mediate TM dimerization. In certain proteins, tryptophan residues have
been found to be a primary driver of oligomerization, by means of planar n-n interactions.’?’3
Other aromatic residues such as phenylalanine and tyrosine have also been found to be part of
oligomer interactions, where aromatic residues supplement the dimerization by SmxxxSm
motifs.”

In case of TSPO, despite the significant presence of SmxxxSm motifs, they seem to be less
preferred in the dimerization interface. In contrast, the interface was preferentially filled of large

residues, first Leu-Leu and then mainly aromatics residues, which is not surprising since the



protein comprises a large amount of aromatics residue. Among the aromatic-aromatic interactions,
Phe-Phe contacts are the most predominant considering all the simulations, but Tyr-Tyr is also
greatly represented. In addition, Tyr138 and Tyr140, which are part of the 'CARC' binding
motif!7-!® were also found to stabilize the interface in simulations involving the TMS5 in the
interface (see Supp. Table 2). Interestingly, in a previous experimental study,’® TSPO was
observed to form oligomers that were mediated by formation of covalent dityrosine interactions,
upon treatment with ROS. Moreover, in the case of the symmetrical interfaces, the large existence
of TM5-TMS interfaces strengthen this hypothesis and it could be the first step to the creation of
those dityrosine covalent interactions. Our simulations, in good agreement with experimental
information, provide a structural and more detailed support to those experiments. However,
accessibility of CRAC as well as CARC motifs is affected in such oligomeric arrangement. A
possible explanation to reconciliate with putative functional properties, would be that the interface
involving TM 1 and 3 may be involved in cholesterol transport, since CRAC as well as CARC
motifs are more accessible in such arrangement whereas the dityrosine-mediated interface
involving TM5 may be involved in response to ROS.

The fact that NMR interfaces are not fully be retained may be due to different reasons. Firstly, the
interface comprising the GxxxG motif in our simulations has not disappeared, but simply evolved
to a larger interface, involving now aromatic interactions between TM1 and TM3 and not only
TM3. Moreover, our observations agree the work of Zeng et al.,** who built an alternative dimer
model based on homology modelling with bacterial X-ray structures, to palliate putative
deficiencies mentioned for the NMR structure. Their rigid model agrees NMR data. Our
simulations retrieve a very similar interface to this model of dimer, without making any hypothesis
on homology with bacterial structures. It elegantly completes the initial model proposed by
Jaipuria et al.,’° by underlining the importance of dynamics. In addition, AA simulations have also
sampled the formation of those aromatic interactions at the interface, reducing the probability of a
bias induced by the Martini Force field.

Another possible explanation may rely on the experimental and simulations conditions that are
different. Although we took care to be as close as possible to the NMR conditions, the NMR
protein concentration is probably higher than in the simulation. This may have impacted the
results. In addition, our simulations have been performed in absence of any ligand. Since we have

observed that the presence of a ligand affects the dynamics of a monomer (unpublished data, PhD.



Thesis of Rajas M. Rao), it will contribute to modify the conformational space of the two chains
and in consequence, impacts the dimerization process. Simulations of dimerization in the presence
of a ligand need to be run to confirm this hypothesis.

Putative translocation mechanism of cholesterol

Our studies have highlighted the existence of a putative translocation mechanism, where
cholesterol molecules use TM regions as a tether to flip between the upper and lower lipid bilayer
leaflets. This has been illustrated here by the A147 residue of TMS5 (figure 6). Interestingly, this
residue belongs to the “enhancement motif ”, located between the CARC and CRAC motif.
However, we also observe this kind of hook mechanism with other TMs residues, such as TM3.
Our statistical analyses tend to illustrate that presence and closeness of TSPO dimer seem to
facilitate such process. While this is indeed an interesting and exciting observation about the
possible TSPO biological function, existence of this mechanism needs to be corroborated
rigorously in future studies. Firstly, it remains to be checked if this mechanism is unique to TSPO,
or if it is simply due to change in membrane properties consecutive to the presence of any protein.
Indeed, a general explanation would be that the presence of a membrane protein possibly reduces
energy barrier associated with flipping between two leaflets. Secondly, the robustness of this
observation should be insensitive to the force-field used. In AA simulations on three dimers, we
have sampled also such phenomena, which by consequent validates our hypothesis. However,
longer all-atomistic simulations should still be run to confirm the relevance of this translocation
mechanism, especially in biological-relevant membrane, with physiological cholesterol
concentration. Ultimately, the role of TSPO ligands also cannot be discounted. Since several
experimental studies have demonstrated an effect of TSPO ligands on cholesterol
translocation,>”-”> question of whether this flipping mechanism can be observed in ligand-bound
environments could also be explored.

Long-range communications may be connected to the cholesterol translocation process
Despite the existence of unique pathways depending on the interface, a few common denominators
across all the communication pathways can be extracted. Firstly, the pathway implying inter-chain
communication involves transfer of information via the dimer interface. Secondly, TM5 region is
involved in communications in all the simulations, regardless of the kind of intercommunication.
Insofar as we have observed that CARC motif in TMS5 helix might play a role in the cholesterol

translocation, a relation between dimerization and cholesterol transfer might be inferred, which



corroborates with some conclusions drawn by Jaipuria et al.,*® who propose a long-range
regulation of the dimerization by cholesterol binding but in the CRAC motif. However, further
simulations and analyses, in physiological cholesterol concentration and with presence of ligand,
are still needed to make a clear conclusion of this aspect.

Though we observed inter-dimer communication in half of our simulations, intra-monomer
communication is also present in certain cases, in particular for the models obtained by diffusion
of the monomers. This communication may be initially required for the dimerization process to
further occur.

In addition, we also observed that the communication pathways observed in monomer were also
present in dimer, suggesting that such communication may take place irrespective of the
stoichiometry. For example, TM helices involved in the interdimer communication are also
implied in the monomer pathway.

Finally, since all the simulations were performed in absence of any ligand, the effect the binding
of a ligand in such communication pathways would be of major interest. Similarly, the impact of
cholesterol in these communications, for which preliminary data let us to suspect a significant role,
needs to be confirmed.

The above questions could be addressed in future by performing multiple and longer molecular
dynamics studies in different environments, i.e., in absence of any cholesterol and in presence of
a ligand bound to TSPO. More details should also be gained by performing longer all-atom
simulations.

CONCLUSIONS

Despite its involvement in important biological processes, TSPO remains a mysterious protein. In
the present study, we have addressed a first important question related to a putative oligomerization
process. Here, we did not make any hypothesis on the dimer structure in comparison to what was
done before. In contrast, we have conducted the most exhaustive study realized so far on this
putative mechanism. By doing so, we have been able to observe the versatility of the dimerization
and to bring valuable information on dimer interface and long-range communication pathways.
The existence of several ways for the TMs to interact even in a non-symmetrical manner, questions
about the possible existence of higher-order TSPO oligomers. We have also provided key elements
about the nature of interactions that contribute to the formation of the dimers, in terms of TM

nature and interaction type. TM1, TM3 and TMS5 seems to be the most preferred for the



dimerization process, and lead to different interfaces. The most famous dimerization motif, i.e.
GXXXG motif, was indeed observed but actually, aromatic residues seem also to play an important
role. The results we obtained also confirm that TSPO has noteworthy dynamical properties that
explains the difficulty obtained to get proper characteristics of the protein. Importantly, despite the
dynamic nature of TSPO, we were able to capture a putative translocation mechanism of
cholesterol between the two lipid leaflets, once the dimer is formed. The next step that will be
rather exciting to examine, will consist in exploring in-depth, if the cholesterol translocation is
specifically associated to TSPO or if it is a more general process linked to the presence of a protein
in the membrane. In summary, our findings have brought to light important features of TSPO but
have also open up a new set of questions on TSPO dynamics-function relationships, which could
be explored in future studies.
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