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19 Abstract: The translocator protein (TSPO) is a transmembrane protein present in the three domains
20 of life. Its functional quaternary structure consists of one or more subunits. In mouse, the dimer-to-
21 monomer equilibrium is shifted in vitro towards the monomer by adding cholesterol, a natural
22 component of mammalian membranes. Here, we present a coarse-grained molecular dynamics
23 study on the mouse protein in the presence of a physiological content and of an excess of cholesterol.
24 The latter turns out to weaken the interfaces of the dimer by clusterizing mostly at the inter-
25 monomeric space and pushing the contact residues apart. It also increases the compactness and the
26 rigidity of the monomer. These two factors might play a role for the experimentally observed
27 incremented stability of the monomeric form with increased content of cholesterol. Comparison
28 with simulations on bacterial proteins suggests that the effect of cholesterol is much less pronounced
29 for the latter than for the mouse protein.

30 Keywords: TSPO; Martini Force-Field; cholesterol
31

32  1.Introduction

33 The translocator protein (TSPO), also known as peripheral benzodiazepine receptor, is a membrane
34  protein conserved across the three domains of life [1]. During evolution, the TSPO gene family in
35  bacteria and plants has expanded its roles [2] from an environmental sensor (such as sensitivity to
36 salt stress in cyanobacteria and plants [3]) to a functional bioregulator, for instance facilitating the
37  switch between photosynthesis and respiration, porphyrin transport and regulation of
38  photosynthetic genes in the Rhodobacter (Rs) bacterium [4].

39  Mammalian TSPOs are mostly expressed in the outer mitochondrial membrane (OMM) [5]. Their
40  functions may be rather diverse. For instance, in humans, the protein is involved in apoptosis,
41  autophagy, inflammation along with cholesterol and porphyrin transport [6]. The latter is
42 reminiscent of bacterial TSPO functions [7]. Human TSPO has emerged as an important
43 neuropharmaceutical target. Indeed, TSPO levels are upregulated in activated glial cells, especially
44 in microglia during neural disorders or injury [8]. As a result, radioligands binding to human TSPO
45  in positron emission tomography (PET) scan may be used to diagnose CNS disorders [7].
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TSPO consists of one or more units of about 18 KDa molecular weight. The topology of each unit,
conserved across bacteria and mammals, consists of five transmembrane helices. These are tightly
packed together (TM1-TM5) and connected by loops, located (for mammals) in the cytoplasm (LP-I
and LP-III) and in the intermembrane space (LP-II and LP-IV) [7]. Structural information on TSPO is
available from the bacteria Bacillus Cereus (Bc) and Rhodobacter sphaeroides (Rs), as well as from mice.

No monomer unit have been observed for RsTSPO neither in vitro nor in vivo [9]. In the RsTSPO X-
ray structure, the protein is present as a dimer [9], suggesting that the minimum functional unit of
the protein is a dimer [10]. The X-ray structure of the protein from Bacillus Cereus (Bc) has also been
solved as a dimer [11], although crystal packing forces might have affected the oligomerization state
[12]. In mouse TSPO, multimers (up to six units) exist in vivo [13,14] and these different oligomeric
states may be associated with different functions [6,15]. The structure of the mouse monomer in the
presence of detergent micelles has been solved by solution NMR [16].

Cholesterol represents the 10% of OMM [17]. OMM contains in addition phosphatidylcholine (PC,
40%), phosphatidylethanolamine (PE, 38.9%), phosphatidylserine (PS, 14.2%), phosphatidylinositol
(PI, 5.9%) and cardiolipin (CDL) 0.8% [17]. Cholesterol has high (nanomolar) affinity for mouse TSPO
[18] and it affects mouse TSPO oligomeric state. It stabilizes in vitro the monomer against the dimer
[19], possibly by binding to a conserved “cholesterol-recognition motif” of the protein [18]. This is
referred to as "LAF-CARC”. CARC is defined by the linear array of residues (L/V)-X1-5-(Y)-X1-5-
(K/R), located in the outer membrane leaflet and its reverse sequence, CRAC, (K/R)-X1-5-(Y/F)-X1-5-
(L/V) in the inner one [20,21]. LAF (Leu-Ala-Phe) is a cholesterol binding enhancement motif
associated with CRAC located one helix turn above the CRAC domain in mammalian TSPO [22].
Cholesterol is instead absent in bacterial membrane, and it binds to the proteins only in the
micromolar range [10]. In RsTSPO cell membrane, four major classes of phospholipids are present,
namely, PE, PC, phosphatidylglycerol (PGL), and CDL, in a ratio of approximately 5:2:2.4:0.6
(PE/PC/PGL/CDL) [23]. In BcTSPO, the major lipids that form the membrane are PE 43%, PGL 40%
and CDL 17% [24].

Here, we investigate mouse and bacterial TSPOs embedded in membranes with different content of
cholesterol by using coarse-grained simulations based on the Martini force field (version 2.2) [25].
The simulations are performed on mouse TSPO monomer and mouse TSPO dimers along with RsTSPO
and BcTSPO dimers, embedded in a membrane resembling the composition of their respective
realistic environment (OMM, Rs_mem and Bc_mem for mouse TSPO, RsTSPO and BcTSPO,
respectively, see Table S1). Comparison is then made with models embedded in model membranes
with physiological cholesterol content (10%, OMM), high cholesterol (28%, chl_mem) and without
cholesterol (Bc_mem and Rs_mem) (Table S1).

The calculations on the bacterial proteins are based on the corresponding X-ray structures of the
dimer [9,11]. Those on mouse TSPO are based on two models of the dimer built by us (available at
[26]), based on RsTSPO dimer X-ray and mouse TSPO monomer NMR structures. The first was fairly
consistent with experimental data concerning the dimeric interface [19]; the second showed larger
discrepancies with experiments. Both models were refined here in an OMM mimicking membrane
by molecular simulation. Notably, the resulting structures were both able to reproduce the
experimental dimer interface showing the impact of the membrane environment on structural models
of membrane proteins. Models of the mouse proteins, embedded in Dodecylphosphocholine (DPC)
[27] and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/cholesterol mixtures [28], have been
recently reported. Anticipating our results, our simulations suggest that cholesterol may stabilize the
monomer by reducing the local and the global fluctuation of the protein; while it might destabilize
the dimer by clusterizing at the subunit-subunit interface and pushing apart the contact residues. The
impact of the molecule on the bacterial protein dimers appears to be much less evident.

2. Results

d0i:10.20944/preprints202008.0425.v1
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94  2.1. TSPO mouse dimers

95  Our previous work presented two models of the proteins with and without the nanomolar inhibitor

96  PK-11195 [26]. These models were based on the RsTSPO dimer X-ray structure (PDB accession code

97  4UC1) and on the NMR mouse TSPO monomer structure (PDB accession code 2MGY), in complex

98  with PK-11195 [9,16]. The first, that we call here mTSPO(Rs), was obtained by homology modeling

99  on RsTSPO dimer; the second, mTSPO, was obtained by duplicating the monomeric mouse TSPO
100  NMR structure and guiding the building of the dimer on the experimental chemical shifts in [19]. The
101 proteins without ligands underwent refinement here in two different membrane environments (see
102 Table S1). As shown in the next two sections, the resulting models are consistent with most of the
103 available experimental data, which concern the dimer interface [19].

104  2.1.1. Models refinement.

105  In our previous structural prediction of mTSPO(Rs) [26], the G83XXXG87 and the W95XPXF99
106  dimerization motif were located at the dimer interface, consistently with the experimental data [19].
107 The monomer-monomer interface turned out to involve V80, G83, W93, 198, and A102 from TM-III
108 and D111, V118 from TM-1V, consistently with NMR data [19] (Table 1). However, few residues -
109  known to be part of the interface- were not sufficiently close to it, despite being localized near to it
110 [26]. The protein exhibited an electrostatic profile favorable for membrane embedding (Figure 1B)
111 [26].

112 Here, we refined the models by embedding the systems in both OMM and chl_mem and performing
113 8 pus MD with the Martini 2.2 coarse-grained force field [25] (see methods). The chosen model
114  membranes feature physiological (10% of total phospholipids - OMM) and high (28% - chl_mem)
115  cholesterol content (see Table S1 for composition). After ~1 us, the structure was equilibrated as
116  shown by the Root Mean Square Deviation (RMSD) (Figure S1). The RMSD between the initial and
117  final structure was not very high (4 A in the TM region), suggesting significant but not very large
118  displacement from the initial position. The structure at the end of the dynamics displayed a compact
119  dimer-dimer interface involving a higher number of residues than the starting structure. These
120 include V80, G83, W93, W95, 198, F100, G101 from TM-III and D111, V118 from TM-IV, reported to
121 be at the interface, accordingly to the NMR data [19] (Table 1).

122 The mTSPO starting model, built in [26], did not reproduce several of the experimental data:
123 indeed, the residues experimentally identified at the monomer-monomer interface, were separated
124 by a distance of 9 A or more (N92, W93, W95, 198, F100, G101, and A102, Table 1) [26]; in addition,
125  several charged residues were exposed in the transmembrane region, not allowing for a favorable
126  embedding in the membrane [26]. Here, the refinement by MD leads large conformational
127  rearrangements: the helices tend to twist to bury the exposed polar residues toward the core of the
128  bundle (Figure 1A), while in parallel, the two monomers tend to get closer to maximize the contact
129 between residues at the interface (Table 1). Helices one, three and five significantly bend in the
130  intermembrane region of the receptor (Figure 2).

131  The structures were equilibrated after ~1 pus and ~2 us in OMM and in chl_mem, respectively, as
132 shown by the plot of RMSDs as a function of the simulated time (Figure S1). Notably, the MD
133 structures at the end of the dynamics showed similar monomer-monomer interface's features as
134 mTSPO(Rs) equilibrated structure (Table 1) and a favourable electrostatic profile for membrane
135  embedding.

136 Table 1. Residues of mouse TSPO located at the dimer interface identified experimentally [19] (left),
137 predicted by mTSPO (center) and mTSPO(Rs) structures at the end of the dynamics. Residues at the
138 interface according to both experiment and simulations are in bold.

Region Inferred by Experiment mTSPO mTSPO(Rs)
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Initial structures
Veé, P7, G10, L11, L13, V14,
L17, G18, F20, M21, Y24 V26,
R27(A) M79, V80, 182, G83,
F74, T75, E76, D77, M79, 184, Y85, T86, G87, A90, LI1,
V80, P81, G83, L84, T86, W93, A94, P97, 198, A102,
G87, Q88, A0, LI1 Q104, W107, A108, A110,
D111, L114, V118, A121, A125

V80, G83, (88, N92, Structures after equilibration in OMM membrane
Dimer interface ~ W93, W95, 198, F100, M1, P2, S4, W5, P7, A8, G10, S4, V6, P7, V9, G10, L11, T12,
G101, A102, D111, V118 L11,T12,1L13, V14, P15,L17, 113, V14, P15, L17, G18, F20,
G18, M21, G22, F25, V26, M21, G22,Y24, F25, V26, R27,
E29,Y34,1.37,K39, P40, R46, (28, E29, G30, L31, R32, W33,
V67, W68, E70, L71, D77, W47, W53, Y57, M60, S64,
A78, M79, V80, P81, L82, Y65, V67, W68, K69, E70, L71,
G83, Y85, T86, G87, Q88, G72, G73, F74, T75, E76, A78,
L89, A90, 191, N92, W93, M79, V80, P81, .82, G83, L84,
A9%4, W95, P96, P97, 198, Y85, T86, G87, L.89, A90, LI1,
F99, F100, G101, A102, W93, A94, W95, P96, P97, 198,
R103, Q104, M105, G106, F100, G101, R103, Q104,
W107, A108, L109, A110, M105, G106, W107, AI110,
D111, L113, L114, V115, D111, L114, V118, Al2l,
S116, G117, V118, A121, WI126,
T122, L124, A125, W126,
R128, V129, 5130, P131,
N151, R166, L167, A168,
E169

Chl_mem

mTSPO

mTSPO(Rs)

139


https://doi.org/10.20944/preprints202008.0425.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2020 d0i:10.20944/preprints202008.0425.v1

140 Figure 1. Electrostatic surface potential of the initial [26] and final MD structures of (A) mTSPO, (B)
141 mTSPO(Rs) in the different membrane environments simulated here. The MD structures were
142 backmapped to all-atom resolution using the backward.py script [29]. The red and blue surfaces
143 represent negative and positive electrostatic potentials, respectively. The maximum values of the
144 potentials are -5 kT/e, +5kT/e, respectively.

145 2.1.2. Structural properties of the models.

146  We present here the differences in structure and conformational fluctuations of mTSPO and
147 mTSPO(Rs) dimers during the equilibrated trajectory, namely for the last 6 ps.

148  The RMSDs (Figure S1 and Table 2), the Root Mean Square Fluctuations (RMSFs) (Figure S2 A-B, and
149 S3) and the gyration radii (Figure S2 C-D and Table 2) of the two models do not vary significantly by
150  changing membrane environment (Figure S1-S2). High flexibility regions are observed for the loops
151  and the termini, as expected (Figure S2).

152 A Principal Component Analysis (PCA) is used to identify differences in large scale motions of the
153 proteins (Figure S3). We represent the first two eigenvectors (which cover between 31% and 38% of
154  the motions of the proteins) as porcupine plots to show the direction and magnitude of selected
155  eigenvectors for each of the backbone beads. mTSPO'’s conformational flexibility was larger than that
156  of mTSPO(Rs) in OMM (Figure 2), as it can be seen by the porcupine plots of the first and second
157  eigenvector (Figure S4). The flexibilities were similar for the two proteins embedded in chl_mem
158  (Figure 2 and Figure S4), however at the dimer interface of both dimers, the two first eigenvectors
159  “push” the residues far apart, hinting toward a destabilization of the dimers' interface (Figure 2 and
160  Figure S4). Accordingly, the number of contacts at the dimer interface decreases in chl_mem (Figure

161  3).
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164 Figure 2. Porcupine plots depicting prominent motions averaged across the first normal mode for (A)

165 mTSPO, (B) mTSPO(Rs) embedded in OMM and chl_mem; the correspondent plots for the second
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166 normal mode are reported in Figure S4. The helix bending of (C) mTSPO, (D) mTSPO(Rs) in OMM
167 and chl_mem is plotted as a function of the simulation time.
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169 Figure 3. Number of monomer-monomer contact beads as a function of the simulation time in OMM
170 and chl_mem for (A) mTSPO, (B) mTSPO(Rs). A cutoff of 0.6 nm was used.

171
172 2.2. mouse TSPO Monomers

173  2.2.1. Models refinement.

174 We predicted here the monomer structures based on the RsTSPO structure [9] (nTSPO(Rs)_mon
175 hereafter) and the NMR structure of monomeric mouse TSPO [16] (mTSPO_mon). The electrostatic
176 surface of mTSPO(Rs)_mon starting model was favorable to membrane embedding, while this was
177  not the case for mTSPO_mon [26], similarly to what observed for the initial structures of the
178  corresponding dimers. The proteins were embedded in OMM and in chl_mem. They underwent 8 us
179  MD with the Martini coarse-grained force field version 2.2 [25], as in the case of the dimers.

180 mTSPO(Rs)_mon turned out to be equilibrated after about 1 ps, as shown by the plot of the
181  RMSD as a function of simulated time (Figure 4).
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184 regions) embedded in OMM and chl_mem plotted as a function of the simulated time. The RMSDs are
185 computed with respect to the initial structures.
186 mTSPO_mon required instead 2 us to be equilibrated (Figure 4). It indeed underwent several

187  conformational rearrangements similarly to what happened for the corresponding dimer. As a result,
188  the protein becomes more compact. Also, the electrostatic surface of the TM region in the equilibrated
189  structures became suitable for membrane embedding (Figure 5A), in contrast to the initial NMR
190  structure [26].
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192 Figure 5. Electrostatic surface potential of the initial and equilibrated conformations, extracted from the
193 trajectories after convergence (7.5 us) and backmapped to all-atom resolution with the amber force field
194 [30] using backward.py [29] of mTSPO_mon (A) and mTSPO(Rs)_mon (B) embedded in OMM and
195 chl_mem. Red and blue surfaces represent negative and positive electrostatic potentials (-5 kT/e, +5kT/e)

196 respectively.


https://doi.org/10.20944/preprints202008.0425.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2020

197

198
199

200

201
202

203
204
205
206
207
208
209
210
211

212
213
214
215

216
217
218

2.2.2. Structural features

We present here the differences in structure and conformational fluctuations of mTSPO_mon
and mTSPO(Rs)_mon during the equilibrated trajectory, namely for the last 6 us.
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Figure 6. The helix bending of (A) mTSPO_mon and (B) mTSPO(Rs)_mon embedded in both OMM
and chl_mem as a function of the simulation time. Only the last 6 us are shown.

The two models differ significantly: mTSPO_mon features a kink in helix five (Figure 6A), while
mTSPO(Rs)_mon in helix one (Figure 6B). The averaged backbone beads RMSDs decrease in all
circumstances with cholesterol content (Figure 4 and Table 2). Instead, the radii of gyration are rather
similar (Figure S5). The averaged RMSF values decrease in correspondence of the transmembrane
regions (TM1: 7-26, TM2: 46-63, TM3: 82-101, TM4: 106-124 and TM5: 134-153 for mTSPO and TM1:
8-23, TM2: 48-62, TM3: 83-98, TM4: 107-123 and TM5: 136-152 for mTSPO(Rs)) on passing from the
systems embedded in OMM to chl_mem (Figure S6). High flexibility regions are observed in the loops
and terminal regions, as expected (see Figure S6). The region 125-140 was more flexible in
mTSPO_mon than in mTSPO(Rs)_mon, which harbors the cholesterol-binding motif [19].

The first three vectors in the PCA collect between 35,8% and 50,4% of the conformational space
of the proteins (Figure S7). They are larger for the proteins embedded in OMM than those embedded
in the chl_mem (Figure 7 and Figure S8). Therefore, we suggest that the binding of cholesterol reduces
the conformational fluctuations of the proteins.

Table 2. RMSD and radii of gyration values of the systems investigated here, averaged over the
equilibrated trajectories (namely the last 6 ps for mouse monomeric and dimeric systems and
1.3 us for the bacterial systems).

System RMSD (nm) Total Radius of
gyration (nm)
mTSPO_mon, OMM 1.2+0.05 1.7 £0.03

mTSPO_mon, chl_mem 0.6 £0.05 1.8+0.03

d0i:10.20944/preprints202008.0425.v1
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mTSPO(Rs)_mon, OMM 0.8 £0.05 1.7 £0.02
mTSPO(Rs)_mon, chl_mem 0.6 +0.05 1.7 £0.02
mTSPO, chain A, OMM 1.1 +£0.05 1.7 £0.02
mTSPO, chain B, OMM 1.0 +£0.05 1.8 +0.02
mTSPO, chain A, chl_mem 1.2+0.04 1.7 +0.01
mTSPO, chain B, chl_mem 1.1 +0.06 1.8 +0.02
mTSPO(Rs), chain A, OMM 0.8 +0.05 1.8 +0.02
mTSPO(Rs), chain B, OMM 0.6 £0.05 1.7 +0.01
mTSPO(Rs), chain A, chl_mem 0.6 £0.04 1.7 +0.02
mTSPO(Rs), chain B, chl_mem 0.5+0.05 1.7 +0.01
BcTSPO, chain A, Bc_mem 0.6 +0.01 1.6 £0.01
BcTSPO, chain B, Bc_mem 0.6 +0.02 1.6 £0.01
BcTSPO, chain A, chl_mem 0.5+0.03 1.6 +0.01
BcTSPO, chain B, chl_mem 0.6 £0.02 1.6 +0.01
RsTSPO, chain A, Rs_mem 0.7 +0.04 1.7 £0.01
RsTSPO, chain B, Rs_mem 0.5+0.02 1.7 £0.01
RsTSPO_chain A, chl_mem 0.6 +0.04 1.7 £0.01
RsTSPO_chain B, chl_mem 0.6 +0.03 1.7 £0.02

219

mTSPO(mon)
mTSPO(Rs)_mon

220
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221 Figure 7. Porcupine plots depicting prominent motions averaged across the first normal mode for (A)
222 mTSPO_mon and (B) mTSPO(Rs)_mon, in both OMM and chl_mem. The analysis was performed on
223 the equilibrated part of the trajectory. The second normal mode is reported in Figure S8.

224 2.3. Cholesterol Occupancy

225 Given the significant effects of cholesterol described above, we finally analyzed the occupancy
226 of cholesterol molecules in the two different membrane environments, for both monomer and dimer
227  mouse TSPO models. In an overabundance of cholesterol (that is, for the proteins embedded in
228  chl_mem), cholesterol molecules are spread rather homogeneously around the TM regions (Figure
229  8). This is fully consistent with the Coarse-Grained Dynamics simulation study by Rao et al. [28] on
230  the same protein, performed in a DMPC/cholesterol mixture. These authors found that “cholesterol
231  molecules are spread homogeneously in the membrane despite the presence of dimers" [28]. In
232 contrast, for the proteins embedded in a membrane with physiological content of cholesterol (OMM),
233 cholesterol clusters at TM1, TM3 and TM4 located at the dimer interface (Figure 8), and, for the
234 mTSPO_mon, also at TM5. This helix contains the two well-known cholesterol-binding motifs, CRAC
235  (residues 149-157) and its reverse counterpart CARC (residues 135-146) [20,21].

mTSPO_mon mTSPO_mon

oMM

mTSPO(Rs)_mon mTSPO(Rs) mTSPO(Rs)_mon

oMM
Chl_mem

— —
236 /o o % %

237 Figure 8. Cholesterol occupancy (i.e. percentage of frames where the lipid is in contact with a given
238 residue (0-100%)) for (A) mTSPO, mTSPO_mon and (B) mTSPO(Rs), mTSPO(Rs)_mon in both OMM
239 and chl_mem. The analysis was performed on the equilibrated part of the trajectory, that is, the last 6

240 us.
241 2.4. Bacterial TSPO dimers

242 BcTSPO and RsTSPO embedded in the Bc_mem and Rs_mem (without cholesterol, as in natural
243 bacterial membranes [24,31] respectively, and chl_mem (with 28% cholesterol) (Table S1)
244 underwent 2 ps coarse-grained MD simulations. As shown by the RMSD plot as a function of
245  simulated time (Figure S9), the systems reached equilibrium already after 700 ns, possibly
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246  because in this case we started from X-ray structures and not theoretical models. The average
247 displacement from the initial structures were ~0.6 nm for both structures (Figure S9).

248  The RMSD, RMSF and gyration radius (Figure S9-S11) as well as the calculated electrostatic
249  surfaces along the simulation (Figure S12) are similar across the four systems investigated here.
250  Also the bending of the helices does not change on passing from the bacterial membranes to
251  chl_mem (Figure S15). The contacts at the interface of the proteins embedded in Bc_mem and
252  Rs_mem are larger than those in chl_mem (Figure S13). In our PCA analysis (Figure S14), the
253 first two eigenvectors exhibit very small fluctuations at the interface in both membranes (Figure
254 9). Based on all of these observations, we conclude that the presence of cholesterol impacts on
255  the structural determinants and conformational fluctuations of the proteins to a lesser extent
256  than in the mouse proteins.

A Bc_mem | Chl_mem

RsTSPO

257

258 Figure 9. Porcupine plots depicting prominent motions averaged across the first normal mode for:
259 (A) BcTSPO in Bc_mem and chl_mem and (B) RsTSPO in Rs_mem and chl_mem, respectively. The
260 analysis was performed on the equilibrated part of the trajectory, namely the last 1.3 ps.

261

262 3. Discussion

263  Cholesterol is an essential component of mammalian membranes [32]. Among the TSPO functions
264  gained during speciation and evolution leading to mammals, is the binding and trafficking of this
265  molecule [1]. Recent work by Jaipura et al has shown that cholesterol stabilizes the monomeric state
266  against the dimer in mouse TSPO [19]. Here, we present a coarse-grained MD study on these proteins
267  embedded in membranes at different cholesterol content to get insight on this intriguing effect of this
268  molecule. Comparison is made with bacterial proteins, suggested to exist in dimeric form and binding
269  with much less affinity cholesterol than mouse TSPO.

270  Dimer and monomer models, built by us in [26] and refined here by coarse-grained MD, were
271  embedded in two types of membranes: (i) OMM, which contains six different types of lipids and
272 around 10% of cholesterol. This provides a quasi in-vivo mimetic membrane environment; (ii)
273 chl_mem, with a high cholesterol content (28% instead of 10%).

274  The dimeric models were fully consistent with the experimental data, which are available only for
275 this state [19] (Table 1). Besides, our model based on the mouse NMR monomer structure [16], exhibits
276  asimilar interface to that of a recent dimeric model presented [28] involving TM1 and TM3 helices.
277  Both dimer and monomer initial models displayed an electrostatic potential which is well suitable
278 for embedding in the cell membrane. This contrasts with the NMR structure of the monomer [16]
279  (used here as a starting model for some of our simulations) , this supports the hypothesis that the
280  ionic detergents used in the structure determination have altered some key structural features
281  relevant for the stability of the protein in a membrane environment [12,27].
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282  Both the simulations of the monomers and the dimers hint (albeit they do not demonstrate) a
283 stabilization of the latter by adding cholesterol. First, at the physiological content of cholesterol, this
284 is located mostly at residues at the dimeric interface, while in mTSPO_mon, cholesterol is found at
285 the two cholesterol-binding motifs, CRAC and CARC [20,21]; second, an overabundance of
286  cholesterol causes a decrease of subunit-subunit contacts in the dimer: Consistently, the large-scale
287  motions might favor a detachment of the two units by pushing apart the residues in contact at the
288  interface, as shown by our PCA analyses. All these features point to a destabilizing effect of
289 cholesterol on the dimeric structure. Finally, under the reasonable (but not demonstrated)
290  assumption that the compactness and rigidity of proteins may correlate with its thermodynamic
291  stability [33], one can suggest that cholesterol stabilizes the monomer. Indeed, (i) the size of the
292 monomeric mouse TSPO models, in terms of RMSD and gyration radii, decreases with cholesterol
293 content, in contrast to what happens in the dimeric forms; (ii) the fluctuations, as measured by RSMF
294  values, are lower; (iii) the large-scale motions exhibit a smaller amplitude in the presence of
295  cholesterol for both the monomeric proteins.

296  The presence of cholesterol appears to affect the size and rigidity of the corresponding bacterial
297  proteins to a lower extent. These are naturally embedded in a cholesterol-free membrane and present
298  most probably as dimers [9]. Indeed, RMSD gyration radii do not vary significantly upon the addition
299  of cholesterol. In addition, RMSF and large-scale motion are not significantly affected by the presence
300 of this molecule. However, the contacts at the subunit-subunit decrease with an excess of cholesterol
301  (albeit to a smaller extent than what observed in the mouse protein). Hence, the study for the bacterial
302  proteins is not conclusive.

303 4. Materials and Methods

304  System Setup of Coarse-Grained Models. The structure of mouse TSPO (mTSPO_mon) was the
305  NMR structure (PDB accession code: 2MGY). The first conformation was chosen as it corresponds to
306  the best representative conformer in the ensemble and the ligand PK-11195 was removed. The dimer
307  mTSPO was constructed based on the NMR study reported in [16] . Another model of mouse TSPO
308  was built by us (mTSPO(Rs)_mon and mTSPO(Rs) for monomeric and dimeric forms respectively),
309 by homology modeling, based on the X-ray coordinates of the prokaryotic RsTSPO (PDB accession
310  code: 4UCI) [9].

311  The structures of bacterial TSPO were taken from the X-ray structures 4RYI (BcTSPO) [11] and 4UC3
312 (RsTSPO) [9]. Missing residues of 4UC3 between GLU29 and ASN40 in chains A and B were modelled
313 using as template the structure 4UC2 [9] while those between MET147 and ARG157 of chain B were
314  modelled using the same region in chain A of 4UC3 [9]. The Modeller program version 9.19 [34] was
315  used to build the missing regions and the best model according to the Discrete optimized protein
316  energy (DOPE) [35] and GA341 [36] score was selected. The default protonation states at pH 7 were
317  used for the ionizable residues. Protein structures were converted to coarse-grained Martini
318  representations using the martinize.py script [25] . The coarse-grained protein coordinates were then
319  positioned in the center of a simulation box of size 14 x 14 x 16 nm3 with its principal transmembrane
320  axis aligned parallel to the z-axis and embedded in different symmetric lipid bilayers: (i) chl_mem
321  contains: phosphatidylcholine (POPC, 31%), phosphatidylethanolamine (POPE, 41%) and cholesterol
322 (CHOL, 28%). (ii) A realistic mammalian outer mitochondrial membrane (OMM) composed of six
323 different  lipid  species  [17,37-40]: POPC,  40%,  l-stearoyl-2-docosahexaenoyl-
324  phosphatidylethanolamine (SDPE, 38.9%), 1-stearoyl-2-docosahexaenoyl-phosphatidylserine (SDPS,
325  14.2%), stearoyl-arachidonoyl phosphatidylinositol (SAPI, 5.9%), doubly deprotonated cardiolipin
326 (CDL2, 0.8%) and CHOL, 10% of total phospholipids, providing an in vivo-mimetic membrane
327  environment. (iii) Rs_mem composed of POPC, 20%, POPE, 50%, palmitoyl oleoyl
328  phosphatidylglycerol (POPG, 24%) and cardiolipin (CDL2, 6%) [31] and (iiii) Bc_mem containing
329  POPE, 43%, POPG, 40% and CDL2, 17% [24]. 0.15 M NaCl was added to reach the physiological ions
330  concentration and extra ions were added to neutralize the systems.
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331 Coarse-Grained Simulation Parameters. The Martini coarse-grained force field version 2.2 [25] was
332 used for protein and version 2.0 for lipids. All the simulations were performed using Gromacs 2019.3
333 [41]. The non-biased simulations were run in the isothermal-isobaric NPT ensemble equilibrium
334  simulations. The temperature was controlled at 315K using V-rescale thermostat [42] with a coupling
335  constant of T = 1.0 ps. The pressure was semi-isotropically controlled (i.e. independently in the xy
336  plane and z axis direction) by a Parrinello-Rahman barostat [43] at a reference of p = 1 bar with a
337  coupling constant of tp = 12.0 ps and compressibility of 3 x 104. Non-bonded interactions were used
338  in their shifted form with electrostatic interactions shifted to zero in the range of 0-1.1 nm and
339  Lennard-Jones interaction shifted to zero in the range of 0.9-1.1 nm. A time step of 20 fs was used
340  with neighbor lists updated every 20 steps. Periodic boundary condition was used in the x, y and z
341  axis. ~8 us and 2 ps data were collected for mouse TSPO and bacterial TSPO simulations respectively.
342 Anoverview of the simulations is listed in Table S1.

343 Analysis of molecular dynamics results. The root mean square deviation of backbone beads (RMSD),
344 the root mean square fluctuations (RMSF) and the radius of gyration (RGYR) were calculated using
345  gmx rms, rmsf and gyrate modules from the Gromacs package [41], respectively. Principal
346  component analysis (PCA) was restricted to backbone beads, as it is less perturbed by statistical noise
347  and provides significant characterization of the essential space motions [44]. It was performed using
348  Gromacs tools gmx covar and gmx anaeig [41]. To visualize the direction and extent of the principal
349  motions of the simulated systems, porcupine plot analysis was performed using modevectors script
350  in Pymol [45]. When applied, for each simulated system, the initial structure was used as a reference.
351  The helix bundle geometrical features were characterized by implementing the Bendix plug-in [46]
352  in VMD software [47], that calculates and visualizes the helix axis evolution over time. It was
353  performed using default parameters for coarse grained systems. Electrostatic calculations were
354  performed on the initial structures and the ones after equilibrium. Conformations were first extracted
355  and back-mapped to all-atom resolution in amber force field [30] using backward.py [29].
356  Electrostatics were then performed with the APBS Electrostatics plugin in Pymol [48] using default
357  parameters.

358  The gmx mindist module in Gromacs [41] was used to compute the number of contacts in time
359  between each monomer in the simulated dimers, using the default distance cutoff of 0.6 nm. The
360  cholesterol occupancy (i.e. percentage of frames where lipid is in contact with the given residue (0-
361  100%)) was calculated using the toolkit PyLipID [49] and a distance cutoff of 0.55 and 1.0 nm.

362 Conclusions

363  We have presented a molecular dynamics study on mouse TSPO monomeric and dimeric structures.
364  Our models are fully consistent with the available experimental data [19]. In addition, they provide
365  hints on why cholesterol shifts the monomer-dimer equilibrium toward the monomer in mouse TSPO.
366  Simulations with the correspondent proteins from Bc and Rs bacteria might suggest that the
367  destabilization of the dimer by cholesterol (a molecule not present in bacterial membranes) is not as
368  pronounced as in the case of the mouse proteins.

369 Supplementary Materials: Table S1: Overview of the simulated systems, Figure S1: mTSPO and mTSPO(Rs)
370 backbone RMSD, Figure S2: RMSF and radii of gyration plots of mTSPO and mTSPO(Rs), Figure S3: Projection
371 of the first three eigenvectors of mTSPO and mTSPO(Rs), Figure S4: Porcupine plots depicting prominent
372 motions averaged across the second normal mode for mTSPO and mTSPO(Rs), Figure S5: Radii of gyration of
373 mTSPO_mon and mTSPO(Rs)_mon, Figure S6: RMSF plots of mTSPO_mon and mTSPO(Rs)_mon, Figure S7:
374 Projection of the backbone beads trajectory along the first three eigenvectors for mTSPO_mon and
375 mTSPO(Rs)_mon, Figure S8: Porcupine plots depicting prominent motions averaged across the second normal
376 mode for mTSPO_mon and mTSPO(Rs)_mon, Figure S9: Backbone beads RMSD of the whole protein and TM
377 regions for BcTSPO and RsTSPO, Figure S10: RMSF and radii of gyration plots for B¢cTSPO and RsTSPO, Figure
378 S11: Projection of the first three eigenvectors for BcTSPO and RsTSPO. Figure S12: Electrostatic surface potentials
379 in the initial and final MD structures for RSTSPO and BcTSPO, Figure 513: Number of subunit-subunit contacts
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380 plotted as a function of the simulation time for BcTSPO and RsTSPO, Figure S14: Porcupine plots depicting large
381 scale motions averaged across the second normal mode for BcTSPO and RsTSPO, Figure S15: Helix bending of
382 BcTSPO and for RsTSPO.
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