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Abstract

The translocator protein 18 kD (TSPO) has been the focus of intense research by the biomedical
community and the pharmaceutical industry because of its apparent involvement in many disease-
related processes. These include steroidogenesis, apoptosis, inflammation, neurological disease
and cancer, resulting in the use of TSPO as a biomarker and its potential as a drug target. Despite
more than 30 years of study, the precise function of TSPO remains elusive. A recent breakthrough
in determining the high-resolution crystal structures of bacterial homologs of mitochondrial TSPO
provides new insight into the structural and functional properties at a molecular level and new
opportunities for investigating the significance of this ancient and highly conserved protein family.
The availability of atomic level structural information from different species also provides a
platform for structure-based drug development. Here we briefly review current knowledge
regarding TSPO and the implications of the new structures with respect to hypotheses and
controversies in the field.
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1. Introduction

Translocator protein 18 kDa (TSPO), previously known as the peripheral benzodiazepine
receptor (PBR), has consistently been a research focus across multiple disciplines since its
first discovery in 1977 as the peripheral binding site for the anti-anxiety drugs,
benzodiazepines [1]. TSPO is located in the contact region of outer and inner membranes of
mitochondria in human [2] and there is considerable evidence that TSPO is involved in
translocating cholesterol into mitochondria, the first and rate-limiting step of steroidogenesis
[3]. Recent studies suggest that TSPO forms part of a large complex that facilitates the
import of cholesterol [4,5]; however, the precise mechanism of its involvement remains
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unclear [6,7]. TSPO has also received considerable attention as an important player in
neurological disease, since the discovery that brain produces steroids locally [8-10] and that
a human single polymorphism of TSPO is associated with anxiety disorders [11-13]. A role
of TSPO in other processes, including inflammation, apoptosis, mitophagy, cancer, transport
of porphyrin and stress sensing [10,14-19] has also been extensively documented. But it
remains a challenge, and an essential prerequisite for drug development, to establish the
precise nature of TSPO’s involvement in these apparently disparate processes.

An ortholog of mammalian TSPO was independently discovered in the gram negative
photosynthetic bacterium Rhodobacter, considered one of the closest living relatives to the
mitochondrion [20]. In Rhodobacter, TSPO regulates the transition between respiration and
photosynthesis in response to changes in oxygen levels and light. Detailed genetic and
biochemical analysis indicates that TSPO in Rhodobacter acts as part of a regulatory
pathway that senses an altered environment and that involves translocation of porphyrins
[21-23]. Notably, the bacterial homolog in Rhodobacter sphaeroides can be functionally
replaced by rat TSPO [24], indicating conserved functions of TSPO beyond its ability to
bind drug ligands. Our group has developed methodologies to purify TSPO from R.
sphaeroides (RSTSPO) in a native state and to characterize its ligand binding properties with
various endogenous and drug ligand [25]. Using this well characterized protein, high
resolution crystal structures were obtained for RsTSPO wild-type as well as a mutant mimic
of the disease-related human single polymorphism, allowing correlation of structure and
function in TSPO at the molecular level for the first time [26]. Another crystal structure of
TSPO from a gram positive bacterium Bacillus cereus (BcTSPO) [27] and an NMR structure
of the mouse TSPO (mTSPO) [28] were also recently reported. The structures show similar
overall topology of the monomer, but dramatic differences between the crystallographic and
NMR structures, including the ligand binding residues and oligomeric states. These
differences and hypotheses regarding ligand binding and functional attributes derived from
these structures need further investigation. Fundamental questions remain to be answered, as
to whether TSPO is a receptor, a transporter or even an enzyme, and the extent to which it
acts alone or with protein partners.

2. The functional unit of TSPO

The oligomeric state of purified RSTSPO in solution was determined to be a dimer by light
scattering and mass spectrometry [25]. In fact, no monomer species was observed for
RsTSPO in detergent solution. In three different crystal forms of RSTSPO that were obtained
in the lipidic cubic phase, the identical dimeric structure was observed [26], strongly
suggesting that the minimum structural unit of RSTSPO is a dimer (Figure 1B). The same
dimer form gives the best fit for a lower resolution cryo-EM structure [26,29]. But more
questions need to be answered: 1) is the dimer observed in the crystal structure the same as
the solution dimer and 2) is the dimer also the minimum functional unit? The first question
can be addressed by mutagenesis and distance measurements between selected residues by
cross-linking or DEER spectroscopy. But regarding function, a conclusive test is much more
challenging, due in part to the fact that the functions of TSPO remain to be clearly defined.
Although a monomer is seen in the relatively severe conditions needed for refolding and
NMR analysis of mouse TSPO [28], the Rhodobacter form does not appear to exist as a
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monomer in the purified state when sustained by lipids or mild detergents. But it is possible
that different oligomeric states have distinct functions, for example, signaling vs. transport,
and that evolutionary changes in this ancient protein have favored different types of
association. Indeed, the Bacillus version of TSPO, more distantly related to the
mitochondrial form than Rhodobacter, adopts both a monomer and a different, less strongly
interacting dimer [27].

While RSTSPO appears to form an obligate dimer, mouse TSPO in mitochondrial
membranes and reconstituted liposomes was reported to undergo an equilibrium between
monomer, dimer, and higher-ordered oligomeric forms [30,31], while the NMR structure of
mTSPO shows only a monomeric form with PK11195 bound [28]. Additional studies in
native membranes indicate that a 800 kD hetero-oligomeric complex is required for
transporting and processing cholesterol, involving TSPO along with VDAC and other
components [5]. These results again suggest that different oligomeric states of TSPO may be
associated with different functions.

Beyond the question of whether a dimer or higher order oligomer is functionally important,
is whether the observed dimer interface is conserved through evolution, i.e. does knowledge
of the dimer interface of RSTSPO apply to the human protein. The crystal structure of
RsTSPO provides a first clue. As shown in Figure 1A&C, the dimer interface is quite
conserved between R. sphaeroides and mammalian proteins, particularly with respect to the
residues of TM-I111, the critical player in the dimer interface. In the crystal structure of
BcTSPO [27], a different dimer is observed which could reflect crystal packing or a separate
path during evolution. In general, the dimer appears to be an important conserved species,
whether stable as in RSTSPO or perhaps inducible in the case of mouse. But the precise
influence of the dimer or oligomer state on the various TSPO interactions and functions,
including cholesterol metabolism, remains to be further investigated.

3. TSPO ligand interactions

3.1 Observed drug and porphyrin binding sites

A central cavity surrounded by the five transmembrane (TM) helices and capped by a long
loop between TM | and TM 11 is observed in all structures of TSPO and appears to be an
important ligand binding region (Figure 2). An endogenous porphyrin ligand [26] and the
drug ligand PK11195 [27] were observed in the high resolution crystal structures, though
neither were completely resolved, suggesting incomplete occupancy. In the crystal structure
of BCTSPO [27], a PK11195 was fit in the central cavity. It was also identified in the NMR
structure in a similar location but with significantly different side chain interactions [28].
One explanation for this discrepancy is that the NMR structure was determined by refolding
denatured TSPO in a zwitterionic detergent that could cause some distortion and rotation of
the helices. Thus, it is unclear whether the NMR structure of mouse TSPO reveals a native
binding mode for PK11195. We presume that the crystal structure is more reliable, due to
the good correspondence between the crystal structures from two different species obtained
under different experimental conditions [26,27]. There remains a possibility that some of the
anomolous features of the mouse NMR structure relate to it being a mammalian TSPO
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rather than a bacterial homolog, but a number of considerations argue against that
[26,27,31].

The endogenous ligand, porphyrin, is also partially resolved in the central cavity in the
crystal structure of RSTSPO, but in a different position than PK11195 (Figure 2B,C). While
PK11195 is located right in the middle of the cavity, the porphyrin is shifted toward an
opening between TM | and TM II. Previous binding analyses show that PK11195 and
porphyrin influence the binding of each other [25], consistent with the crystal structures
showing that the binding sites are partially overlapping (Figure 2B, C). Both ligands interact
with several conserved tryptophans in the central cavity. Interestingly, a histidine residue
has been identified as playing a critical role in binding of heme in the TSPO from
Arabidopsis thaliana [32]. When the Arabidopsis sequence is modeled on the Rhodobacter
structure, this histidine position would readily allow it to ligand an iron atom, if heme were
bound in the same location as the porphyrin observed in RSTSPO. This correspondence
strongly suggests that the porphyrin binding site that we interpret in the Rhodobacter
structure is in fact the correct conserved binding site for porphyrin or heme. Converting the
proline in RSTSPO to a histidine and observing an increased affinity for heme, would
provide confirmation of this conclusion.

Despite some significant discrepancies, all three structures (Rhodobacter, Bacillus and
mouse) suggest that the central cavity provides important binding sites for drug ligands and
porphyrins. These structures can now give valuable clues for further investigation of the
TSPO-ligand interactions in the search for more specific ligands targeting TSPO. Further, it
is noteworthy that the capping loop region between TM-I and TM-I1 is resolved in several
distinct positions in the different RSTSPO crystal structures, suggesting that conformational
changes may be induced by ligand binding and may be important in determining interactions
with self and other proteins. Mutations in this loop in the Rhodobacter protein have already
been shown to impact ligand binding and oligomeric state [23].

3.2 Cholesterol binding to TSPO

Cholesterol is not resolved in any of the crystal structures, which is not unexpected since
bacterial TSPO has relatively low affinity for cholesterol [25]. But unlike the other ligands
that appear to reside in the central pocket, cholesterol binding studies over the years have
given many clues that its site is spatially distinct. The location that was originally proposed
by Papadopoulos and colleagues, the CRAC motif [33] and a more recently identified
binding enhancement motif, LAF [34], can be seen in the structures of RSTSPO [26] to be
on the outer surface of the five helical bundle and not occluded by the dimer interface
(Figure 3). Mutational analyses support the importance of this region for cholesterol binding
[34]. It is striking that covariance analysis [35,36] shows a close interaction between TM-1V
and V, precisely as seen in the crystal structure. The strongest residue pairs identified by
covariance analysis coincide with the LAF-CRAC motif, especially the LAF region,
emphasizing its importance. Indeed, mutagenesis shows that substituting the human
sequence in this position in the bacterial TSPO confers high affinity for cholesterol. The
crystal structure of RSTSPO (Figure 3) shows the location of the LAF-CRAC site on TM-V.
Tightly bound lipid molecules (cyan and blue), occupying sites in the vicinity of LAF
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(orange) and CRAC (yellow), suggest that the high concentration of monoolein needed to
crystallize RSTSPO may have displaced the cholesterol present in the crystallization
medium.

Of considerable additional interest is the observation that a human single nucleotide
polymorphism in TSPO is associated with anxiety-related diseases [11-13]. The
polymorphism causes one amino acid substitution, A147T, in the LAF-CRAC region. It was
discovered that this change lowered the affinity for certain TSPO ligands that are used for
PET imaging of the brain [37], a technique that relies on the high localized expression of
TSPO in regions of inflammation [38]. Recreating this mutation in RSTSPO allowed us to
study its ligand binding behavior, revealing that cholesterol binding was decreased as well
as other ligands [26]. The mutant form gave well-diffracting crystals that show a more
tightly packed structure than the WT in the upper half of the protein containing the ligand
pocket, suggesting a more closed configuration. Key residues in the LAF-CRAC region are
also rearranged, possibly accounting for the altered cholesterol binding. The relationship of
this relatively common polymorphism (~9% of a sample Caucasian population were
observed to be homozygous for this mutation [39]) to anxiety disorders that are also very
prevalent (~ 18% of the American population [National Institute of Mental Health1]), is still
a subject of debate, but could involve an effect on cholesterol transport and steroidogenesis
in mitochondria [8].

4. Porphyrin degradation activity of TSPO

TSPO from all species studied bind porphyrins, and this function is proposed to play a role
in a variety of processes in which TSPO is involved [15,25,32,40,41]. The idea of TSPO
being a porphyrin degrading enzyme was recently suggested based on the observation of
time and light-dependent color change of porphyrin molecules when mixed with purified
TSPO from the Chlorobium tepidum, an anaerobic phototrophic bacterium [42]. Our
preliminary tests with purified RsTSPO indicate a similar ability to decrease the Soret band
absorption as a signal of oxidation. However this activity is quite slow and highly dependent
on light, raising the question of whether the activity is physiologically significant in
multicellular organism. Several purified bacterial and eukaryotic TSPOs have been tested
for this activity [27,42]. Almost 1:1 protein to substrate ratios were used in most
experiments, and the turnover rates vary from several minutes to half an hour. These
observations suggest that augmenting porphyrin breakdown can occur in certain species, but
may have become less significant during the evolution of multicellular organisms in which
light is not a usual reactant in most tissues. In the absence of light, porphyrin could
potentially be oxidized by ROS generated by other reactions; if this “dark” reaction were
facilitated by TSPO it might have some role in stress sensing or stress response. So far,
however, there is no report of TSPO enhancing the breakdown of porphyrin in the dark.

5. Functional roles of TSPO: hypotheses and controversies

Despite more than 30 years of study, the function(s) of TSPO under physiological conditions
remain controversial. The apparent involvement of TSPO in multiple processes, including
cholesterol and porphyrin transport, cancer, apoptosis, autophagy and inflammation
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[8,10,14,15,18,32,40,43-46], make it difficult to discern its precise role(s), especially since
conclusions are often based on the effects of TSPO ligands whose specificity cannot be
guaranteed in the complex cellular milieu. Although originally proposed to be the
transporter of cholesterol into mitochondria and the rate-limiting step of steroidogenesis, it is
clear that TSPO alone may not fulfill this function. Evidence from knock out mouse studies
[6,47] yields conflicting evidence as to the importance of TSPO in embryonic development,
while the characterization of the cholesterol translocon [4,5] indicates the involvement of a
variety of players in the regulation of cholesterol movement into mitochondria. This
conclusion is further supported by the crystal structures of RSTSPO, which appear to
excluded an internal transport pathway within a monomer or between monomers in a dimer,
but pose the possibility of an external transport route that requires a partner [26].
Nevertheless, the very high affinity (nanomolar) for cholesterol in mammalian TSPO [34],
and the ability of TSPO specific ligands to influence cholesterol metabolism [30,48] indicate
a likely important role of TSPO in cholesterol homeostasis. The correlation of the human
polymorphism, A147T, with reduced cholesterol conversion to steroid hormones [39] along
with an association with anxiety disorders, further strengthens the functional relationship of
TSPO with cholesterol metabolism, as does the altered structure and binding properties of
the mimic of the human polymorphism [26].

In another controversial area, TSPO has been proposed to be a part of the mitochondrial
permeability transition pore (MPTP) since mammalian TSPO was initially co-isolated with
the voltage gated anion channel (VDAC) and the adenine nucleotide translocator (ANT)
[49]. Despite the fact that the molecular composition of the permeability transition pore is
still hotly debated [50-52], considerable evidence suggests a role of TSPO in its regulation.
Indeed, a variety of drug ligands that bind TSPO appear to regulate apoptosis through effects
on the permeability transition [53-55]. This association could explain TSPQO’s influence on
cancer cell growth and proliferation [44]. However, the permeability transition pore and the
cholesterol translocon complex are not sufficiently well defined to allow a clear
interpretation of the effects of TSPO and its ligands on either.

Beyond its potential role as a transporter, TSPO could also act as a receptor or sensor, in line
with its function in Rhodobacter where RSTSPO is part of a regulatory process that
facilitates the switch between photosynthesis and respiration in response to changes in light
and oxygen conditions. The role of RSTSPO in this signaling path appears to involve
porphyrin transport and regulation of photosynthetic genes [21,22]; however, given the
location of TSPO in the outer membrane of mitochondria in higher organisms, it is hard to
visualize a similar stress response mechanism. In plants and cyanobacteria, it has been
shown that the knockout of a TSPO homolog is significantly less sensitive to salt stress [56].
In contrast, when Arabidopsis is challenged with oxidative stress by porphyrin-induced
cytotoxicity, TSPO overexpression protects against chlorosis [32, 57]. The role of TSPO in
these stress responses remains to be determined. The elevated expression level of TSPO
under various stressful conditions, such as oxidative stress, salt stress and inflammation in
bacteria, plants and animals, suggests an evolutionarily conserved stress sensing or stress
combating role for TSPO. Considering the ability of TSPO to bind and potentially transport
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porphyrin compounds, high levels of TSPO could provide a mechanism for alleviating
oxidative stress, through favoring the removal [21,58] or degradation of porphyrin [27].

Another stress related phenomenon is the process of autophagy, where involvement of
TSPO has recently been demonstrated [59]. Association of TSPO and VDAC1 was
documented by co-immunoprecipitation and an increased ratio of TSPO to VDAC1
correlated with increased ROS production, inhibition of mitophagy and accumulation of
damaged mitochondria. The inhibition of mitophagy was found to be dependent on both
VDAC1 and TSPO, raising interesting questions regarding the precise mechanism of TSPO
involvement in ROS production or release.

It is interesting to note that the structure of TSPO has some resemblance to a G-protein
coupled receptor with the vase shaped structure and the central binding site capped by a long
loop, suggesting that TSPO could act as a ligand-activated receptor. But a mechanism of
conformational transmission that would equate to GPCR interactions with G-proteins is not
obvious from the current crystal structures. Certainly VDAC or the MPTP complex or the
cholesterol translocon are likely downstream players in any signaling pathway, considering
the substantial evidence of effects of TSPO ligands on these proteins and processes.
Additional structures in different liganded and oligomeric states will be needed to address
this question.

6. Conclusions

TSPO is clearly involved in a number of important but complex functions that remain to be
further elucidated. The new structural information provides the basis for proposing and
testing hypotheses regarding the functional interactions and partners of TSPO, bringing new
momentum to the field. However, to understand these functions, a multidisciplinary
approach will be required that brings together the tools of structure biology, cell biology,
genetics, and physiology. Much work is needed to solve the puzzle that TSPO still presents
and to determine its physiological roles in health and disease.
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ABBREVIATIONS
TSPO Translocator Protein 18 kDa
PBR peripheral-type benzodiazepine receptor
RsSTSPO TSPO from Rhodobacter sphaeroides
BcTSPO TSPO from Bacillus cereus
mTSPO TSPO from mouse
MPTP mitochondrial permeability transition pore
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VDAC voltage dependent anion channel
ANT adenine nucleotide translocator
CRAC Cholesterol Recognition/interaction Amino acid Consensus
PET positron emission tomography
PpIX porphyrin/tetrapyrrole
PK11195 N-butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-carboxamide
WT wild-type
PDB Protein Data Bank
NMR Nuclear magnetic resonance
DEER Double Electron Electron Resonance
EM electron microscopy
ROS reactive oxygen species
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Figure 1. Dimeric structure of RsTSPO and the conservation of the dimer interface
(A) Sequence alignment showing the most conserved residues in red, less conserved in

yellow, unconserved in white. The alignment demonstrates that R. sphaeroides TSPO is
closely related to its mammalian homologs. (B) RSTSPO crystal structure shows a dimer
composed of two monomers of 5 transmembrane helices (TM), with TM-I11 (green)
contributing most strongly to the interface interaction. (C) Highly conserved surface
residues in TM-111 at the dimer interface, indicated in red. (Made in Chimera from PDB#:
4UC1)
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Figure 2. Ligand binding sites in the crystal structure of RSTSPO
A highly similar central cavity is seen in the crystal structures of both Rhodobacter and

Bacillus TSPO with a loop (teal) covering the top. (A) Cutaway of RSTSPO showing the
central cavity with PK11195 (white) from BcTSPO modeled in the cavity. (B, C) The
porphyrin (magenta) resolved in RSTSPO binds in the same cavity as PK11195, in a partially
overlapping site. The protein surface is shown in A and B and a cartoon representation in C.
(Figures were made in Chimera from PDB# 4UC1 and PDB# 4RY1.)
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Figure 3. Crystal structure of RsTSPO with bound lipids and ligands
RsTSPO crystal structure is shown in a surface rendering. Phospholipid is shown in light

blue, monooleins in cyan, prophyrin in red, the CRAC site in yellow and the LAF site in
orange. The human polymorphism A147T (A139T in RSTSPO) is located immediately
above the LAF site. (Produced in Chimera from PDB# 4UC1.)
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