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Abstract  19 

The translocator protein (TSPO), an 18-kDa transmembrane protein primarily found in 20 

the outer mitochondrial membrane, is evolutionarily conserved and widely distributed 21 

across species. In mammals, TSPO has been described as a key member of a multiprotein 22 

complex involved in many putative functions and over the years several classes of ligands 23 

have been developed to modulate these functions. This review considers the currently 24 

available atomic structures of mouse and bacterial TSPO and proposes a rationale for the 25 

development of new ligands for  the protein. A review of TSPO monomeric and 26 

oligomeric states and their conformational flexibility, together with ligand binding site 27 

and interaction mechanisms, is provided. These data are expected to help the 28 

development of high-affinity ligands for TSPO-based therapies or diagnostics 29 

considerably.  30 
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 TSPO: a pharmacological target  32 

The translocator protein (TSPO), originally discovered in 1977 as a second target of 33 

the benzodiazepine diazepam [1], is an 18-kDa transmembrane protein. TSPO is an 34 

evolutionarily conserved protein widely distributed in most Eukarya, Archae and 35 

Bacteria, which can be traced back to 3.5 billion years ago [2]. In humans, under stress 36 

or inflammatory conditions, TSPO is overexpressed both in the central nervous system 37 

(CNS) [3-4] and in the peripheral nervous system (PNS) [5]. Therefore, TSPO appears as 38 

a diagnostic target for many brain diseases. A similar relationship between TSPO 39 

expression and stress regulation has been observed in plants under abiotic stress [6] and 40 

bacteria under oxidative stress/redox imbalance [7], suggesting a conserved function 41 

along evolution [8].  42 

In mammals, TSPO has been described as a key member of a multiprotein complex 43 

involved in many putative functions (such as the synthesis of steroid hormones and heme, 44 

apoptosis, cell proliferation [1]), and several classes of ligands (see Glossary) have been 45 

developed to modulate these functions [1, 9]. TSPO was also shown to be involved in 46 

cell signalling and has been related to apoptosis and autophagy process [10]. TSPO 47 

levels are usually constitutively high in several organs, with an over-expression in glial 48 

cells and cancer which makes it suitable as diagnostic marker and drug target [11-12]. In 49 

healthy human brain, TSPO level is low, but is up-regulated under various 50 

neuropathological conditions including injury, stroke and neurodegenerative disorders 51 

[11,13]. However, it is paradoxically decreased in some psychiatric disorders. [3,14] 52 

Therefore, while TSPO has become an important diagnostic and therapeutic target, 53 

mostly in brain [3-5,14,15], via the identification and development of several classes of 54 

chemical entities that bind TSPO, it presents therapeutic challenges.  55 

The structure of TSPO is formed by five transmembrane α helices tightly 56 

assembled with a pocket accepting ligand in between the bundle [16-19]. Although a 57 

number of studies tried to identify the specific domain of TSPO where the ligands bind, 58 

a number of amino acid sequences spread across the five transmembrane (TM) domains 59 

and their connecting loops were found to contribute to drug-ligand binding [20]. Thus, 60 

the true target sequence within TSPO for these ligands remains difficult to characterize 61 

and the ligand binding mechanism to TSPO itself remains unclear. Moreover, the 62 
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discovery of a cholesterol-recognition amino acid consensus (CRAC) domain, binding 63 

cholesterol [21] with high affinity [22-23] in the C-terminus of the TM5 helix of TSPO 64 

defined a second ligand binding domain, which was also used to identify chemical 65 

entities binding and blocking cholesterol binding [24].   66 

 67 

Developing ligands for TSPO   68 

Currently known TSPO ligands have neuroprotective and regenerative properties 69 

[9,25]. TSPO exo- and endogeneous ligands stimulate neurosteroids [26-27], for 70 

example, allopregnenolone production, active in stress adaptation and treatment of post-71 

traumatic stress disorders [28]. TSPO exogenous ligands enhance cholesterol efflux in 72 

choroidal endothelial cells, reduce reactive oxygen species (ROS) production and 73 

suppress inflammation and, thus, may have potential benefits for aged-related macular 74 

degeneration (AMD) patients [29]. 75 

Since the discovery of endogeneous molecules (such as cholesterol, porphyrins and 76 

endozepines) that interact with TSPO, various classes of synthetic ligands have been 77 

developed to improve the binding specificity or genotype sensitivity of ligands used as 78 

therapeutic drugs or to improve their labelling for imaging (ie PBR28, new carboxamide 79 

analogs, metal complexes [1,5,9,15].    While they belong to different structural families, 80 

all are heterocyclic with at least one nitrogen atom, and all have one or more carbonyl 81 

(C=O) group. For example, the prototypical TSPO ligand, PK 11195 [30] is part of the 82 

isoquinoline-carboxamide family (Box1, Figure IA).  83 

The successful development of TSPO ligands for therapeutic and diagnostic 84 

purposes requires the answers to several questions: (1) What is the basal expression of 85 

TSPO versus pathologic overexpression? We know that there is elevated expression of 86 

TSPO in peripheral tissues, whereas protein expression is low in healthy brain and 87 

restricted to glial cells [31], but increases with age and brain diseases [31-33]. TSPO is 88 

also lowly expressed during homeostasis in immune cells but benzodiazepines, another 89 

class of TSPO ligands, modulate oxidative burst by neutrophils and macrophages [34]. 90 

(2) When imaging with positron emission tomography (PET), what is the 91 

accessibility of the target protein to the TSPO ligand-based PET probe, as well as the 92 

ratio of specific to non-specific probe binding [35]? An example is Ro5-4864, a well-93 
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characterized benzodiazepine TSPO ligand that failed to demonstrate PET imaging in 94 

brain [36], probably because of low affinity and high non-specific binding. However, 95 

Ro5-4864 has numerous physiological effects such as brain injuries [9] and can be 96 

docked to specific TSPO atomic structures [37] and hence it has been kept as a potential 97 

therapeutic but not as a diagnostic using PET. Another example to consider would be the 98 

a circumstance where TSPO might be in the plasma membrane of astrocytes in CNS [38] 99 

or mitochondrial membrane in PNS [5] and thus has different accessibility. Therefore, 100 

future TSPO ligands developments should correlate in vivo and in vitro binding to both 101 

the accessibility and the time that the ligands spend in contact with TSPO [39].  102 

(3) How stable are the PET probes and the TSPO ligands themselves, and what is 103 

the influence of radiometabolites? TSPO ligands show different metabolic profiles 104 

when tested in vivo and in vitro [40]; the metabolic activities can influence the diagnostic 105 

and therapeutic efficiency of the ligands. 106 

Apart from these factors, successful ligand binding also raises several questions 107 

concerning molecular level interactions of the various TSPO ligands with different 108 

affinities that have been tested over the last decade for PET imaging [35, 41]. Does in 109 

vivo ligand binding involve TSPO alone or the interface of TSPO in complex with one or 110 

more other proteins? Indeed, TSPO has been described as part of a complex with 111 

different protein partners [42-45]. If a multiprotein complex is active, TSPO ligand 112 

selectivity may be governed by the protein-complex composition and not by the 113 

interaction with TSPO alone and, thus, specific ligand binding to TSPO might be reduced.  114 

Moreover, it has to be taken into account that overexpression of proteins other than 115 

TSPO and its partners in neuroinflammation, for example [4], could occur. These 116 

observations raise various binding-site related questions: what "makes" the binding site, 117 

which amino acids of the TSPO protein are involved in the binding site and which are 118 

involved in interactions driving ligand affinity and selectivity? 119 

Hence, the successful development of TSPO ligands as drugs for diagnostics and 120 

therapeutics may gain from deep analysis of ligand interaction to its protein binding site 121 

using available atomic structures [16-19] that we will review below. This will help to 122 

optimize molecular docking for the analysis either of a series of ligands [46] or of 123 

different classes of ligands [37,47] and, thus, generate more efficient ligands. Such new 124 
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ligands may help to characterize the pathologies in which TSPO is overexpressed, as well 125 

as to assess new drugs for therapies. 126 

 127 

Factors to consider for development of new ligands for TSPO 128 

Since the identification of TSPO by means of benzodiazepine diazepam binding to 129 

peripheral tissue [1], many ligands have been synthesized to optimize their biological 130 

properties [9,46]. The structure-affinity relationships were rationalized in light of binding 131 

affinities and pharmacophore interactions with a TSPO topological model initially 132 

designed with pockets fitting different parts of the ligands [47]. The determination of the 133 

first atomic structure [16] made possible the study of the interactions between ligands and 134 

the protein cavity by docking [37,46,48].  135 

Several TSPO atomic structures have since been solved (Table 1), for example 136 

mouse TSPO by nuclear magnetic resonance (NMR) [16-17] and bacterial TSPO by X-137 

ray diffraction [18-19]. The structures reveal similar folding with five TM helices but 138 

different oligomeric states, and one active site that can bind both the high affinity TSPO 139 

drug ligand PK 11195 (Box 1, Figure I) and protoporphyrin IX (PPIX, Figure 1A). It is 140 

interesting to note that even though sequences of TSPO from Rhodobacter sphaeroides 141 

(RsTSPO), Bacillus cereus (BcTSPO) and mouse (mTSPO) are relatively well conserved 142 

(25-35% identity), there is variability in amino acid composition for the active site 143 

between mammalian and bacterial TSPO [20]. The analysis of ligand interaction in 144 

mammalian and bacterial binding sites is the starting point for understanding what 145 

controls selectivity. This selectivity depends both on ligand molecular formula and 146 

structure and on ligand access to the TSPO binding cavity. It also depends on protein 147 

polymorphism. For example, the murine TSPO A147T mutation (Table 1), which is not 148 

in the actual binding cavity increases the flexibility and generates different binding 149 

properties for different ligands [42, 49-50]. The change in TSPO flexibility which has 150 

been recently described to decrease half-life for two human TSPO polymorphisms 151 

(A147T and R162H) [51] might alter ligand binding.  152 

 The mode of action of the available TSPO ligands, especially in vivo, remains 153 

unclear. Several questions remain open, for example the oligomeric state of TSPO, the 154 

flexibility of the protein, the links between ligand and protein within the binding cavity, 155 
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and the actual binding mechanism(s). The following sections will review what is 156 

currently known and the opportunities that can be used for future TSPO drug 157 

development. 158 

 159 

Oligomeric states of TSPO 160 

 Several oligomeric states for mammalian TSPO have been reported in the 161 

literature ranging from monomers to high homo-oligomers in vivo [1, 52].These reported 162 

oligomeric states depend on various factors such as the medium and conditions in which 163 

the structure is obtained, the method which the structure is studied [(NMR, electron 164 

microscopy (EM), X-ray crystallography)] and whether TSPO is interacting with other 165 

proteins in the experimental process. We give brief examples of these here. 166 

Purified recombinant mTSPO in solution, solubilized by detergent, is usually in a 167 

monomeric state [53] and has permitted the elucidation of the first atomic structure 168 

(Table 1) [16]. Reconstituted in a membrane and studied by solid state NMR (ssNMR, 169 

Table 1), the mTSPO dimer interface has been found to include the G83xxxG87 motif of 170 

TM3 [54]. A highly stable dimer has been obtained from bacterial membrane by 171 

solubilization with a mild detergent, such as dodecylmaltoside (DDM), and was used to 172 

form tubular crystals upon detergent removal studied by EM (Table 1) [55]. However, 173 

monomers to dimers have been observed for bacterial TSPO (BcTSPO [18] and RsTSPO 174 

[19]) in X-ray structures obtained using crystals grown in lipidic cubic phase (LCP) 175 

(Table 1)). While the BcTSPO dimer interface includes the G42xxxG46 motif of TM2, 176 

the RsTSPO dimer interface reveals another type of motif, AxxxA (one in TM1 and 2 in 177 

TM3) involved in the interface of three different crystal packing arrangements [19]. 178 

Observation of several interfaces (TM2-TM2 for BcTSPO [18], TM3-TM3 for RsTSPO 179 

[19]), raises the question of either potential oligomer state-function relationships or the 180 

effect of crystallographic constraints. Moreover, water molecules have been resolved 181 

between the TM3 helices in the two monomers of RsTSPO, raising the question of a 182 

putative external transport pathway [19]. 183 

  Electron microscopy (EM) of RsTSPO dimers [55] fitted with atomic models [19, 184 

56] suggested that different interfaces depend on the model used: a TM3-TM3 interface 185 

was obtained using crystallographic structure, whereas a TM4-TM4 interface was 186 
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obtained using a mTSPO derived model [57]. It is thus impossible to conclude what is the 187 

functional state of RsTSPO. However, it is interesting to note that AxxxA motifs (present 188 

in TM3 and TM4) have been suggested to be a common α helical interaction motif that 189 

provide stability of several proteins [58]. Further, interhelical axial distances might be 190 

greater for AxxxA motifs than for GxxxG ones [58], as observed comparing GxxxG 191 

motif interactions in mTSPO and BcTSPO versus AxxxA motif interactions in RsTSPO 192 

raising the question of the stability of  the different oligomers. 193 

Actually no atomic structure of human TSPO (hTSPO) is available. However, when 194 

overexpressed in E. coli and purified by its polyhistidine tag on a Ni-NTA column 195 

followed by size exclusion chromatography (SEC), hTSPO was suggested to form a 196 

hexameric structure, whereas RsTSPO with the same protocol, generated only dimers 197 

[59]. It might however be that TSPO is being misfolded when expressed in heterologous 198 

conditions. Moreover, TSPO might be dynamic and adopting different organizations 199 

depending on its environment such as the medium in which it is expressed/purified. 200 

Further, as noted above, other proteins form complex with TSPO and thus could affect 201 

ligand binding. For example, TSPO has been described to interact with various 202 

membrane partners [42-45] such as the voltage dependent ion channel (VDAC) [60], and 203 

TSPO exhibit higher affinity for benzodiazepine in protein complex than alone [22]. 204 

Moreover, ligand binding could affect oligomeric TSPO structure. Indeed, binding of 205 

cholesterol to the CRAC motif shifts the dynamic equilibrium of mTSPO dimer toward 206 

the monomer [54] and thus destabilizes the dimer. It has to be noted that this effect of 207 

cholesterol might be part of the potential transport process of cholesterol by TSPO 208 

activated by ligand binding such as PK 11195 to another site. This could occur through 209 

gliding of cholesterol from CRAC to a specific amino acid motif (LAF) in the middle of 210 

the TM5 [61] and another cholesterol recognition motif (CARC) located at the N-211 

terminus of the TM5 [62]. It must be noted that bacteria and plants do not have 212 

cholesterol. Thus, the conserved function of TSPO among species remains unclear, as 213 

well as the effect or need of oligomeric states of TSPO for its function in different 214 

kingdoms. However, it was shown that covalent polymer formation observed upon UV or 215 

ROS exposure [52] reduces cholesterol binding whereas it increases PK 11195 one [52] 216 

suggesting that TSPO function involves a dynamic process. Moreover, the description by 217 
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molecular modeling of at least two types of interfaces for mTSPO [37] involving 218 

different TM interfaces previously described in the literature [58,63-65] motifs suggests 219 

that the same protein can contain two motifs within the TM domain, one for homo-220 

dimerization and another one for hetero-dimerization [66], leading to the formation of 221 

homo or heteropolymers between TSPO and other membrane proteins.  222 

Finally, TSPO might be implicated in various dynamic oligomers, but in cellular 223 

studies have also suggested that formation of covalent oligomers might be part of TSPO 224 

turnover, the covalent polymers being degraded and new protein being synthetized 225 

[51,67], making the situation even more complicated. 226 

 227 

TSPO flexibility and stability 228 

Ligand binding to TSPO depends on its accessibility to the binding site, which itself 229 

depends on protein flexibility as illustrated by recent data from NMR and crystallography. 230 

[17-19] TSPO stability can be affected by single nucleotide polymorphisms (SNPs). A 231 

way to investigate such SNPs that can affect TSPO stability has been to search for 232 

deleterious SNPs in human TSPO in silico [51]. Most of the detected SNPs had low 233 

frequencies, except SNPs R162H and A147T. Both R162H and A147T mutations have 234 

been shown to decrease the half-life of the mutant TSPOs by about 25 percent, 235 

corresponding to a decrease of stability and an increase of flexibility [51]. 236 

Effect of R162H: R162 is located in the C-terminal domain of TSPO and is outside 237 

of the binding site of PK 11195 [16]. Since it is known that C-terminus deletions of 238 

TSPO impacts ligand affinity [21,68], this mutation may be involved in the binding 239 

mechanism of TSPO with PK 11195, perhaps by its location on the access path to the 240 

binding site [3].  241 

Effect of A147T: A147 is located in the TM5 and is part of the binding site [16]. 242 

Comparison of WT and mutant of hTSPOs showed that the A147T mutation significantly 243 

modified the flexibility (in silico) and the stability (in cellulo) of the protein [51]. 244 

Solution NMR of hTSPO and mTSPO shows highly dynamic structure in the absence of 245 

PK 11195 [17] and detailed analysis of mTSPO revealed that A147 belongs to a highly 246 

flexible part of the protein [17]. This may suggest that ligand binding occurs differently 247 

for WT and mutant as observed in vivo with different affinities for WT and A147T 248 
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mutant [49]. However, solution NMR atomic structures of WT and A147T mutant of 249 

mTSPO in complex with PK 11195 show the same structural and dynamic profile [69] 250 

suggesting that A147T mutation is mainly involved in the binding mechanism. 251 

Moreover, bacterial TSPO (RsTSPO) in LCP 3-D crystals at cryogenic temperatures 252 

in the absence of ligand also shows structural changes between WT and the A139T 253 

mutant (equivalent to mammalian A147T and located in the same TM5) [19]. The WT 254 

structure shows a higher degree of flexibility than the mutant, in particular for the loop 255 

connecting the TM1 and TM2 that is not resolved due to the various conformations that 256 

avoid the determination of its structure. Interestingly, this loop has been described as 257 

important for ligand binding and protein stabilization [17,20-21,68].  258 

In the X-ray structure of the A139T mutant of RsTSPO, a single PPIX, another 259 

TSPO ligand, binds only one of the two monomers and no substantial structural 260 

differences (Root Mean Square Deviation (RMSD) of 0.3Å) are observed between the 261 

TSPO apo and holo forms [19]. Particularly, the loop connecting TM1 and TM2 that 262 

caps the PPIX is similarly positioned in all monomers and closes the binding cavity, thus 263 

raising the question of the binding site accessibility [19]. This is also the case for 264 

BcTSPO where atomic structures with and without PK 11195 are highly superimposable 265 

(RMSD of 0.7Å) [18]. The lack of differences between TSPO structures with or without 266 

ligands, may be due to cryo-cooling penalties, which could hide transient conformational 267 

states favouring ligand accessibility to its binding site [70].  268 

Ways to access protein flexibility and stability: Characterization of protein 269 

flexibility can be obtained by looking at X-ray B-factor distribution throughout the 270 

amino acid sequence in PDB files. B-factors model thermal motion and are directly 271 

related to conformational heterogeneity; their calculation requires highly-resolved 272 

structures that still remain challenging for membrane proteins such as TSPO. Valuable 273 

information on protein flexibility can also be obtained by molecular dynamics (MD) 274 

simulations. For example, MD simulations of mTSPO in lipid membranes suggest that 275 

dimer formation is unstable [37] and contradicts experimental data previously described 276 

[54]. Furthermore, simulations with and without PK 11195 reveal rearrangement of TM 277 

helices [37, 71]. Moreover, MD simulation have also shown additional structural changes 278 

such as (i) the bending of TM2 and TM4 helices increases mainly in the presence of PK 279 
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11195, very likely related to ligand-protein constraints [37], and (ii) TM1, TM3 and TM5 280 

helices show the largest rotation fluctuation, perhaps related to the reduced number of 281 

ligand contacts compared to TM2 and TM4 in mTSPO in presence of PK 11195 [71].  282 

Ultimately, it is critical that the known characteristics of flexibility and stability of 283 

TSPO be taken into account when a new ligand is being designed. 284 

 285 

TSPO ligand binding site 286 

Structures obtained by NMR and X-ray crystallography show that bound PK 11195 287 

and PPIX ligands are buried in the same cavity in between the five TM helices in 288 

mammalian and bacterial TSPOs (Figure 1) [18-19,46]. Ligand stabilization involves 10 289 

to 20 amino acids depending on the complex, but only a few are highly conserved 290 

between species [16, 19-20]. In order to fully evaluate how the ligands fit into a the 291 

binding cavity, it is important to evaluate the volume of the cavity (between species, with 292 

and without ligand, whether there are water or other molecules within the cavity, WT 293 

versus mutant, etc.) and determine whether the TSPO binding cavity changes to adapt to 294 

the ligand. Indeed, molecules of various sizes such as PK 11195, PPIX and 295 

dimethylsulfoxide (DMSO) have been observed in the cavity of TSPO atomic structures 296 

(Figure 1) and have also been supported by molecular docking studies [37,46-48]. PK 297 

11195 and PPIX, the common TSPO ligands, both fit within the lipophilic binding cavity 298 

of TSPO [11-19]. While PPIX is a rather soluble compound and protrudes outside 299 

between TM1 and TM2, PK 11195 is mostly hydrophobic and is almost inaccessible 300 

from the bulk, raising the question of the hydrophobicity-hydrophilicity of the TSPO 301 

binding cavity [16-19].   302 

Indeed, the TSPO ligand binding site contains both hydrophobic and polar residues 303 

[16-20] that surprisingly accepts various molecules, such as water, iodine and DMSO 304 

(Table 1) [19]. It has to be noted that only high-resolution cryogenic X-ray 305 

crystallographic structures permit to localize small molecules. Thus, the different 306 

structures of BcTSPO [18] reveal the presence of many (95) water molecules (PDB ID-307 

4RYQ), 2 DMSO molecules (PDB ID-4RYR), or 2 iodine molecules (PDB ID-4RYM) in 308 

the binding cavity in the absence of ligand (Figure 1). Both DMSO molecules form 309 
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hydrogen bonds with highly conserved amino acids [18]. RsTSPO was crystallized in the 310 

presence of PK 11195 [19] but surprisingly was not visible in any structure.    311 

These observations suggest that ordered water molecules may be involved in the 312 

interaction events (such as water displacement upon ligand binding) and energetics 313 

minima as previously described for trypsin [72]. High-resolution cryogenic X-ray 314 

crystallographic structures of RsTSPO [19] only resolved one or two water molecules 315 

(PDB ID-5DUO and 4UC1 respectively) in the ligand binding sites, in absence of ligand 316 

[19]. The water molecules form hydrogen bonds with some residues involved in PPIX 317 

binding (i.e. Y54, N84, T88, W135 and T139) [19]. The hydrogen bond mediated by one 318 

water molecule is present in almost all apo monomers [19]. The clear involvement of 319 

hydrogen bonds of the water molecules needs to be confirmed for instance by comparing 320 

cryogenic and room temperature crystallographic structures [72], as well as at low and 321 

high pH ones [73]. More generally, characterization of the hydrogen-bond network 322 

involving water molecules could help for drug development.  323 

The number of amino acids involved in the binding pocket changes with the ligand 324 

type and also for the same ligand with the bacterial and mTSPO as previously described 325 

[20]. This might be attributed either to the different orientations that the same ligand 326 

could adopt within the cavity or to the change in orientation induced by atom 327 

substitutions on the heterocycle, such as observed on PK 11195 analogues (Box 1, Figure 328 

IC and D) [74-76]. Ligand ER 176 [74-75], which differs from the PK 11195 by only one 329 

carbon substituted by one nitrogen on the isoquinoline scaffold (Box 1, Figure IC)), has 330 

higher affinity for WT TSPO than PK 11195, but is sensitive to the human A147T 331 

mutation [76]. This might be due to reduced stabilisation by interactions with TM5 that 332 

contains the A147T mutation, thus inducing different stabilisation by residues of other 333 

TM, such as TM2 for example. The presence of chloride on the phenyl ring of ER 176 334 

also seems important, since its absence decreases the binding affinity, but a change of its 335 

position on the phenyl ring has a smaller effect [75]. On the other hand, nebiquinide, 336 

which differs from the PK 11195 with one carbon substituted by one nitrogen on the 337 

phenyl ring (Box 1, Figure ID), has similar affinities to PK 11195 and is insensitive to the 338 

A147T mutation [76]. This indicates that neither the mutation nor structural changes 339 

induced by the mutation are involved in interactions in the ligand binding site.  340 
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 341 

TSPO ligand binding mechanism   342 

A crucial element to improve selectivity and specificity of ligand is to understand 343 

what the mechanism of ligand binding is and, the protein conformational changes 344 

involved in permitting the fitting of ligand within the cavity. The accessibility of the 345 

binding site in TSPO is not completely known. Atomic structures of TSPO-ligand 346 

complexes suggest a potential gating access between TM1 and TM2 as evidenced by the 347 

PPIX protruding outside from the RsTSPO [18]. Atomic structure of the WT BcTSPO 348 

which loop linking TM1 and TM2 is not resolved, shows increased access to the ligand 349 

binding cavity [19]. The role of various loops in the ligand binding mechanism was 350 

proposed early on, based on affinity measurements on point mutants, as well as on 351 

deletions mutants of mammalian TSPO [21,68]. Structure analysis has confirmed the role 352 

of the loop connecting TM1 and TM2 that shows interaction with TM5 [77]. Implication 353 

of the loop linking TM3 and TM4, as well as the C-terminus, has been proposed recently 354 

[20]. It seems that these two loops and the C-terminus might contribute to driving the 355 

ligand into the cavity.  356 

The role of water molecules during ligand recognition, as well as ligand 357 

stabilization within the cavity, has been described as a key parameter for protein-ligand 358 

complexes in solution [72]. When bound with different ligands, TSPO in the high-359 

resolution atomic structures has been found to be associated with a different number of 360 

water molecules [18-19] raising the question of the contribution of water molecules in 361 

ligand binding. The stabilization of the ligand within the binding cavity of TSPO seems 362 

to involve exclusion of some ordered water molecules, while others remain involved in 363 

hydrogen bonds.  364 

 365 

Concluding Remarks and Future Perspectives 366 

The importance of TSPO in cell-specific functions in inflammation and repair has 367 

led to a large interest in developing ligands for its visualization and quantification. 368 

However, TSPO is not the only protein that is a marker of inflammation. Hence, the 369 

specificity of the ligands that bind to TSPO becomes an important criterion of their 370 

successful design and utility. Further, the development of new molecules or the 371 



 13

optimization of existing ones to improve imaging remains an important goal. Moreover, it 372 

is anticipated that functional characterization of these molecules could lead to novel 373 

therapeutics. In this review we have reviewed the various TSPO structures and discussed 374 

the different aspects TSPO-ligand interactions that would be important in developing 375 

successful ligands for diagnostic and therapeutic purposes.  376 

TSPO exist in different oligomeric states (see Outstanding Questions) and exhibit 377 

some flexibility in conformation. To access TSPO stability and flexibility in presence of 378 

different ligands, several approaches have been developed that are complementary to 379 

conventional methodologies reviewed earlier. These are mass spectrometry (MS), small 380 

angle X-ray scattering or small angle neutron scattering, methods that can allow to 381 

explore protein flexibility along with help characterize different oligomeric states of 382 

TSPO [78]. Indeed, recent advances in MS have given information on several membrane 383 

protein, dynamics, solvent accessibility, lipid/ligand interaction and ligand binding 384 

induced conformational perturbations [79]. Likewise, tools developed for the analysis of 385 

data from small angle scattering coupled with chromatographic set-up has permitted the 386 

characterization of oligomeric membrane protein such as aquaporin and Fhac protein 387 

transporter [80]. Hence, these techniques might be useful to study homo or hetero 388 

oligomers of TSPO.  389 

In some cases, extensive details on the flexible nature of the TSPO has not been 390 

entirely possible. Cryo-cooling penalties are probably responsible for missing the 391 

conformational states that show such details about flexibility and stability of TSPO. 392 

These can be avoided using recent technologies which exploit free-electron lasers and 393 

room temperature X-ray data collection to reduce the irradiation damage and should, 394 

therefore, allow sampling functionally relevant conformations as NMR experiments in 395 

solution [81]. 396 

Optimization of TSPO ligand to improve the affinity for the various TSPO 397 

sequences (see Outstanding Questions) remains to be realised since recent comparisons of 398 

PET efficiency of the various compounds designed to bind to human TSPO revealed 399 

large non-specific binding [35] or polymorphisms variability [41],. Ultimately,  given that 400 

the TSPO endogenous ligand is a peptide [1], it might be interesting to develop a peptidic 401 

ligand. To overcome the peptide instability, a pseudopeptide or peptidomimetic could be 402 
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designed [82] and the addition of cargo or cell penetrating peptide moiety could help to 403 

pass the hematoencephalic barrier to reach the brain [83]. 404 

Ligand binding kinetics, and its residence time in particular, are rarely studied 405 

despite their crucial role in ligand-protein complex formation [39]. Further it is known 406 

that water displacement increases the affinity for the ligand, whereas water that remained 407 

trapped represented an entropic disadvantage [72]. Thus, it is expected that TSPO ligands 408 

that fully displace water molecules may exhibit higher affinities. Hence, it is critical to 409 

gain primarily high-resolution atomic structures with and without different ligands and if 410 

possible precise location of water molecules to help design successful ligands. It might be 411 

helpful to perform experiments using neutron diffraction and low/high temperature X-ray 412 

diffraction to determine water molecule orientation and fully understand their 413 

contribution. However, ligand stabilization may involve a different set of amino acids 414 

with different types of interactions contributing to the stabilization. 415 

A couple of in-silico studies involving TSPO have been reported since atomic 416 

structure determination: ligand-TSPO docking studies [19,37,84], dimer structural 417 

prediction [37], unbinding of TSPO chemical modulators in order to correlate the in vitro 418 

residence time to the in vivo efficacy [85]. Development of MD simulation up to 419 

microseconds should help to analyze the evolution of both loops and TM domains to 420 

understand ligand accessibility to the binding cavity, as well as water movements. 421 

Analysis of binding cavity dynamics would also be useful both in the absence and in the 422 

presence of ligand to characterize the involvement of specific/conserved amino acids [86]. 423 

Interestingly, in search of TSPO-like gene, a paralog gene TSPO2, has been 424 

identified in mammals that have different ligand binding properties than that of TSPO1 425 

(referred to as TSPO in the text above) [2]. The cholesterol binding is conserved between 426 

the two proteins whereas binding to PK 11195 is lost in TSPO2 (see Outstanding 427 

Questions) [2]. If homology models and further experimental data are provided for 428 

TSPO2, one can learn from the differences between these two TSPO paralogs to better 429 

characterize the ligand binding site. Moreover, the unified structural model in membrane 430 

bilayers [87], recently obtained by comparative modelling from the mouse and bacterial 431 

TSPO structures, could be used as a starting condition for structural studies on human 432 

TSPO and help the structure-based design of high-affinity TSPO ligands. Ligand 433 
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screening fragment libraries can be done to characterize new drugs, using for example 434 

surface plasmon resonance (SPR), as applied to many membrane proteins [88]. 435 

Combining cryogenic and room temperature X-ray data would also help to guide ligand 436 

design in order to optimize the affinity between the ligand and the binding site [89]. In-437 

depth analysis and visualization of protein flexibility in interactions with ligands will be 438 

needed to push the limits of structural investigations [78] and to generate or optimize 439 

TSPO ligands.  440 

Thus, the combination of all available and new structural information (X-ray, NMR, 441 

molecular dynamics simulations, role of water in ligand affinity, role of partners in vivo, 442 

etc.) will lead to an increased understanding of TSPO-ligand interactions that will be 443 

valuable for the development of new therapeutic and diagnostic TSPO ligands.  444 
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 693 

 694 

TEXT BOX 695 

 696 

Box 1. Interactions of PK 11195 and PPIX with TSPO 697 

PK 11195 (Box 1, Figure IA) is a flexible ligand (low energy transition between 698 

isomers) with several rotamers [90] and one asymmetric carbon (red cross) giving two 699 

enantiomers (R) and (S), the former having a 2-fold greater affinity for TSPO than the 700 

latter [91]. Overlay of the alignment of (R)-PK 11195 bound to mTSPO (PDB ID-701 

2MGY) and BcTSPO(PDB ID-4RYI) exhibits a rotation of the carboxamide group (Φ3) 702 

that places the CO and the sec-butyl group on opposite sides of the isoquinoline plane for 703 

the two TSPO (Box 1, Figure IB). In addition, the CO and the Cl of PK 11195 are placed 704 

on the same side of the isoquinoline plane for BcTSPO and on opposite side for mTSPO 705 
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(Box 1, Figure IB). It is worth noting that the mTSPO structure is only stabilized in its 706 

holo form, and the presence of detergents may distort the positions of protein residues 707 

interacting with the ligand [92] whereas all the structures of BcTSPO have been solved in 708 

a lipid environment. 709 

PPIX (Figure 1A) is rather a rigid ligand that binds to RsTSPO (Figure 1B) and has 710 

also been shown to fit the cavity of BcTSPO [19-20]. Six residues belonging to the TM2, 711 

TM3 and the loop connecting TM1 and TM2 of RsTSPO are within 3 Å distance of the 712 

ligand. The two COOHs of the PPIX fit inside the TSPO cavity, probably stabilized by 713 

hydrogen bonds and by unordered water molecules. 714 

 715 

716 
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 717 

FIGURE LEGENDS 718 

 719 

Figure 1. Overlap of molecules in the cavity of TSPO.  720 

(A) Scheme of PPIX ligand structure. 721 

(B) PPIX (carbons in green, oxygens in red) in RsTSPO (PDB entry 4UC1). 722 

(C) PK 11195 (carbons in magenta, hydrogens in white, nitrogens in blue, chlorine in 723 

green) in BcTSPO (PDB entry 4RYI). 724 

(D) PK 11195 (carbons in magenta, nitrogens in blue, chlorine in green) in mTSPO (PDB 725 

entry 2MGY). 726 

(E) Water (doted red spheres) in BcTSPO (PDB entry 4RYQ). Dark red spheres 727 

correspond to water molecules in the selected slice whereas shadowed red spheres 728 

correspond to water molecules located underneath. 729 

(F) Water (doted red spheres) in RsTSPO (PDB entry 4UC1).  730 

(G) DMSO (carbons in red, hydrogens in white and sulfur in yellow) in BcTSPO (PDB 731 

entry 4RYO). 732 

(H) Iodine (magenta spheres) in BcTSPO (PDB entry 4RYM) 733 

In each case, the TSPO atomic structure is shown as rainbow cartoon colored as follows: 734 

TM1, blue; TM2, green; TM3, light green; TM4, yellow; TM5, red using PyMol 735 

(https://pymol.org/2/) [93].  736 

 737 

Box 1, Figure I. Interaction of PK 11195 with mTSPO and BcTSPO 738 

(A) Structure of (R) PK 11195 ligand. Φ1, Φ2, Φ3 and Φ4 are the respective dihedral 739 

angles for CH3-N-C=O, CH3-CH-N-CH3, N-CH-C=O and chlorophenyl-isoquinoline 740 

ring, respectively. Red cross shows the asymmetric carbon and the red arrows show the 741 

rotation of the bond corresponding to the various Φ angles.  742 

(B) Overlay of aligned (R) PK 11195 bound in the binding cavity of mTSPO (yellow) and 743 

BcTSPO (red) (PDB ID-2MGY and 4RYI respectively). The isoquinoline plane is shown 744 

as dotted parallelogram. 745 

(C) and (D) General structures of ER 176 and Nebiquinide, respectively. Red circles 746 

emphasize the chemical substitutions introduced compared to PK 11195 (A). 747 
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 748 

 749 

 750 

 751 

TABLE 752 

Table 1. Table 1 shows the different experimentally determined structures of mammalian 753 

and bacterial TSPO gained using three different biophysical techniques NMR, EM and X-754 

ray diffraction.  755 

 756 
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TSPO 

species 
Genotype 

Moleculea in 

the ligand 

cavity 

ID 

Mediums of extraction 

Method 
Resolution 

(Å) 

Oligomeric 

state 
Ref 

Purification Experimental 

mTSPO WT PK 11195 
2MGYb 

19608c 
DPC DPC 

Solution NMR 

315K 
- monomer [16] 

 A147Td PK 11195 
2N02b 

25513c 
DPC DPC 

Solution NMR 

315K 
- monomer [69] 

 WT  DAA1106 - DPC DMPC 
solid state NMR 

~278K 
- dimer [54] 

RsTSPO WT - 1698e DDM E. coli lipidsf 
electron 

microscopy 
10.0 dimer [55] 

 A139Tg PPIX 4UC1b DM LCP monolein 
X-ray diff. 

100K 
1.8 dimer [19] 

 A139T   4UC2b DM LCP monolein X-ray diff. 100K 2.4 dimer [19] 

 WT - 4UC3b DM LCP monolein 
X-ray diff. 

100K 
2.5 dimer [19] 

 A139T PPIX 5DUOb DM LCP monolein 
X-ray diff. 

100K 
2.4 dimer [19] 

BcTSPO WT PK 11195 4RYIb DDM LCP monolein X-ray diff. 100K 3.49 dimer [18] 

 WT - 4RYJb DDM PEG 
X-ray diff. 

100K 
4.1 dimer [18] 

 WT Iodine 4RYMb DDM LCP monolein X-ray diff. 2.8 monomer [18] 
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100K 

 WT 
PEG & 3 

water 
4RYNb DDM LCP monolein, DDM  

X-ray diff. 

100K 
2.01 monomer [18] 

 WT 
2 DMSO & 7 

water 
4RYOb DDM LCP monolein 

X-ray diff. 

100K 
1.6 monomer [18] 

 WT 7 water 4RYQb DDM LCP monolein 
X-ray diff. 

100K 
1.7 monomer [18] 

 WT 
2 DMSO & 8 

water 
4RYRb DDM LCP monolein 

X-ray diff. 

100K 
1.7 monomer [18] 

 

Note: a  corresponds to molecules found in the ligand cavity; b depicts TSPO structures deposited in PDB (Protein Data Bank); c depicts 

structures deposited in BRMB (Biological Resonance Magnetic Bank); d corresponds to the A147T mutation in mammals; e depicts structures in 

EMDB (Electron Microscopy Data Bank); f represents lipids extracted from E. coli ; g corresponds to the A139T mutation in bacteria (equivalent 

to the mammalian A147T mutation). 

Abbreviations used: mTSPO: mouse TSPO; RsTSPO: Rhodobacter sphaeroides TSPO; BcTSPO: Bacillus cereus TSPO; DDM: 

DoDecylMaltoside; DM: DecylMaltoside; DMSO: dimethyl sulfoxide; DPC: DodecylPhosphoCholine; LCP: Lipid Cubic Phase; PEG: 

PolyEthylene Glycol, WT: wild type. 
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GLOSSARY 

Apo/halo: Protein without/with ligand bound.  

Astrocytes: Star-shaped glial cells from the brain. 

B-factor : the factor originated from thermal motion that is applied to the X-ray data 

for each atom (or groups of atoms). A high B-factor usually corresponds to a large 

flexibility. 

Cryo-cooling penalties :  increase in random errors of atom positioning in the 

structure due to cryogenic cooling of the crystals used to avoid irradiation damage, 

and that could perturb protein conformation equilibrium. 

Detergents: reagents used for the solubilization of membrane proteins. Some can be 

denaturing to some extent like the ionic one, sodium dodecyl sulfate (SDS), some 

other non-ionic maintain the tertiary structure and are used in NMR or crystallography. 

Some of the commonly used are detergents are DPC, DM, DDM. Detergents can be 

removed, and protein transferred to a lipid environment (reconstitution).  

Heterocycle: compound that has at least one ring structure with at least one atom in 

the ring that is not carbon. 

Ligands: Ligands are molecules that target proteins to initiate or modulate the target 

protein’s function or functions by binding to them. Ligands can be more or less 

specific, and target proteins can have one or more binding sites for different ligands. 

LCP: Lipidic cubic phase is obtained by mixing aqueous and surfactant components 

that form a lattice of aqueous channels within lipid phase that permits the growth of 

membrane protein crystal. 

MD: computer simulation method for analyzing the physical movements of atoms and 

molecules. Molecular dynamics simulations permit various dynamic process such as 

protein folding or conformational changes, protein-protein association. 

Paralogs :  genes that derive from the same ancestral gene 

ROS: Reactive Oxygen Species are chemically reactive chemical species containing 

oxygen, including peroxides, superoxide, hydroxyl radicals etc. 

Radiometabolites: the various derivative products (generated by cytochromes for 

example) from a PET probe when injected in vivo.  

RMSD: Root Mean Square Deviation can be used to compare two atomic structures. 

It measures of the average distance between the atoms of two superimposed proteins. 

Rotamers: conformers that arise from restricted rotation around a single bond.  
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SEC: Size exclusion chromatography permit to separate molecules such as protein in 

solution according to their size.  

SNP: Single Nucleotide Polymorphism is a single nucleotide mutation occurring to 

some degree within a population. These may or may not be linked to diseases or 

changes in protein functioning.  

SPR: Surface Plasmon Resonance is a spectroscopic method that permits to measure a 

ligand binding to protein adsorbed on a surface.  
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