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Abstract

The 18-kilodalton translocator protein (TSPO), proposed to be a key player in cholesterol transport 

into mitochondria, is highly expressed in steroidogenic tissues, metastatic cancer, and 

inflammatory and neurological diseases such as Alzheimer’s and Parkinson’s. TSPO ligands, 

including benzodiazepine drugs, are implicated in regulating apoptosis and are extensively used in 

diagnostic imaging. We report crystal structures (at 1.8, 2.4, and 2.5 angstrom resolution) of TSPO 

from Rhodobacter sphaeroides and a mutant that mimics the human Ala147→Thr147 

polymorphism associated with psychiatric disorders and reduced pregnenolone production. 

Crystals obtained in the lipidic cubic phase reveal the binding site of an endogenous porphyrin 

ligand and conformational effects of the mutation. The three crystal structures show the same 

tightly interacting dimer and provide insights into the controversial physiological role of TSPO 

and how the mutation affects cholesterol binding.

The 18-kD translocator protein (TSPO) was first discovered as a receptor for benzodiazepine 

drugs in peripheral tissues and is implicated in transport of cholesterol into mitochondria, 

the first and rate-limiting step of steroid hormone synthesis (1, 2). TSPO is also a major 

research focus due to its apparent involvement in a variety of human diseases (3–5). Of 

particular interest is a human single-nucleotide polymorphism [rs6971 = Ala147→Thr147 

(A147T) (6)] in a region of TSPO that is highly conserved between mammals and bacteria. 

The mutation is associated with diminished cholesterol metabolism (7), altered ligand 

binding to TSPO (8), and increased incidence of anxiety-related disorders in humans (9–11). 

Some understanding of how this mutation affects TSPO function has come from studies 

involving positron emission tomography (PET), which uses ligands of TSPO as sensitive 

imaging agents for detecting areas of inflammation in the brain (12). A lower binding 

affinity toward TSPO-specific PET ligands and an increased incidence of several 

neurological diseases correlate directly with the presence and dosage of the allele harboring 
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the A147T mutation (9–11). This indicates that the TSPO mutation is responsible for the 

observed phenotypes, but it remains unclear how this mutation in TSPO alters cholesterol 

metabolism or how it is related to multiple neurological diseases.

Translocator protein from Rhodobacter sphaeroides (RsTSPO) has a 34% sequence identity 

with the human protein (fig. S1) and is the best-characterized bacterial homolog in the 

extensive TSPO family (13–15). Functional and mutational studies in R. sphaeroides show 

that RsTSPO is involved in porphyrin transport, as also reported in human (16), and in 

regulating the switch from photosynthesis to respiration in response to increased oxygen (13, 

17, 18). The knock-out phenotype in R. sphaeroides can be rescued by the rat homolog (17), 

indicating conserved functional properties between bacterial and mammalian organisms and 

establishing the value of R. sphaeroides, a close living relative of the mitochondrion (19), as 

a model system to investigate structure-function relationships in TSPO.

The human mutation, A147T, is one helical turn preceding the cholesterol recognition 

consensus sequence (CRAC) identified as a cholesterol binding site in TSPO (20), 

suggesting that altered cholesterol binding could be involved. To test this hypothesis, the 

corresponding mutation, A139T, was created in RsTSPO, and the binding properties of the 

purified protein were compared with those of the wild type. The observed lower binding 

affinity (four- to fivefold) for cholesterol and PK11195, as well as protoporphyrin IX (PpIX) 

(Fig. 1A), is consistent with the phenotypic behavior of the human A147T polymorphism (7, 

8), further confirming RsTSPO as a valuable model system and providing strong evidence of 

a functional defect caused by the mutation.

In line with these observations, crystal structures of the wild type (at 2.5 Å resolution) and 

the A139T mutant (at 1.8 and 2.4 Å resolution) show substantial differences within the 

CRAC site and conformational changes that alter the structural environment within a 

potential ligand binding region. Although crystallized in three different space groups (fig. 

S2), all RsTSPO structures show an identical “parallel” dimer formed from compact 

monomers composed of five transmembrane helices (Fig. 1, B and C). The residues within 

the CRAC site and surrounding the mutation are clearly resolved in all structures, including 

the wild-type (WT) protein and the A139T mutant (fig. S3 and table S1), providing the 

molecular basis for understanding the effect of this mutation.

The dimer interface (Fig. 2) is primarily composed of 37 residues, contributed by 

transmembrane helices TM-III (16 residues), TM-I (12 residues), and TM-IV (3 residues) 

and covers ~1250 Å2 (~15% of a monomer’s surface area). The tight interface, unaltered by 

the mutation, is quite flat but displays two notable features. First, TM-III forms the central 

core of the hydrophobic interface, which is dominated by alanines and leucines, and reveals 

a G/A-xxx-G/A motif, which favors helical dimerization (21). Second, the central core of the 

interface is devoid of hydrogen bond interactions; the five observed hydrogen bonds are at 

the periphery between TM-I and TM-III. The tight fit suggests that the dimer interface is not 

likely to be a transport pathway (14). The biological relevance of a TSPO dimer is not well 

understood, but previous studies show that RsTSPO forms a stable dimer in detergent 

solution (14), and a similar dimeric structure is observed in the low-resolution cryo–electron 

microscopy (EM) structure (15) (fig. S4). Taken together, the dimer observed in these 
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crystals is likely to be the primary structural and functional unit of RsTSPO. How the 

RsTSPO dimer is oriented in the Rhodobacter outer membrane is not well established and 

awaits further study.

Recently, a nuclear magnetic resonance (NMR) structure of the mouse TSPO (mTSPO) was 

determined in the presence of dodecylphoscholine (22). A monomeric species is observed 

with the same topology as the monomers in the crystal structures. However, the helices 

display substantial shifts in position and orientation relative to each other such that the 

overall tertiary structure is quite different (fig. S5). The major shifts in helix alignment in the 

NMR structure, particularly regarding TM-III, would markedly affect the dimer interface. 

Unlike the crystal structures, a stable tertiary structure for mTSPO is only achieved in the 

presence of PK11195 at a roughly fivefold molar excess, which may account for the 

distinctively different conformation observed.

The structural differences between the WT and A139T proteins (Fig. 3 and fig. S6) are 

consistent with their differing ligand binding affinities (Fig. 1A). Superposition of the Cα 
atoms in the N-terminal side of each helix yields root mean square deviations of less than 

0.3 Å. All of the major structural differences occur in the C-terminal side of the monomer, 

with helices TM-II and TM-V and loop 1 (LP-1) showing the most dramatic changes. TM-II 

tilts by 7.7° toward TM-V in the mutant structure, whereas TM-V becomes less kinked as 

the C-terminal portion of the helix straightens by 6.3°. This results in a closer association of 

TM-II and TM-V (Fig. 3A). TM-IV also shifts in concert with TM-V. In addition, the 

A139T mutation results in the movement and side-chain repositioning of F46 on TM-II, and 

L142 and F144 on TM-V, two of the critical residues of the CRAC (20) motif. The highly 

conserved W135 on TM-V is also flipped, resulting in a closer proximity to W50 on TM-II 

(Fig. 3B). These changes result in a substantially narrower gap between TM-II and TM-V in 

the A139T structure (fig. S7) and an altered surface in the CRAC region that may account 

for altered cholesterol and ligand binding.

The relatively long linker LP1, which connects TM-I and TM-II (Fig. 1, B and C), is the 

only long loop in the entire structure and is proposed to play a role in ligand binding based 

on mutagenesis studies (2, 13). Within the loop is a short helical segment (residues 29 to 33) 

in monomers A and B of A139T in both C2 and P212121 crystal forms; in monomer C of the 

C2 form, the helical segment is unwound and results in a more extended LP1 (fig. S6). 

Although the LP1 is not completely resolved in the WT structure, its configuration is quite 

distinct from that of the mutant (Fig. 3C). As the RsTSPO structures determined here 

display three different well-resolved conformations of LP1 (fig. S6), this loop may exist in 

several defined states, consistent with the hypothesis that structural changes in LP1 play an 

important role in regulation of ligand binding and the functions of TSPO (2). Similarly, the 

10 residues at the C terminus of TM-V take on several different conformations (fig. S6) that 

may also relate to different ligand binding states (23).

Ligands bind to RsTSPO less strongly than to the human protein (14), but RsTSPO still 

displays affinities for PpIX, PK11195, and cholesterol in the high nanomolar to micromolar 

range (14). Cholesterol was added to the crystallization medium, along with PK11195, but 

neither ligand was resolved, even though their addition did improve the quality of RsTSPO 
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crystals (24). In monomer A of the A139T structure, a cavity between TM-I and TM-II and 

underneath LP1 contained electron density that did not fit any of the known components in 

the crystallization medium. However, it did correspond to the size and shape of a porphyrin 

ring (Fig. 4A). As porphyrins are proposed natural ligands for RsTSPO (13), and purified 

RsTSPO binds porphyrins tightly in vitro (14, 15), we identify the ligand in the A139T 

mutant as a porphyrin compound that copurifies with the protein (fig. S8, A and B).

Lipids and considerable amounts of monoolein are observed in all three structures. The 

monooleins, which are primary components of the cubic-phase crystallization medium, most 

likely displace native lipids that would occupy the grooves on the protein’s surface (25), but 

the locations also provide insights into possible lipid and ligand binding sites. The polar 

head groups of the monooleins are observed in the porphyrin binding site in several 

monomers, whereas their lipidic tails lie along the surface grooves (fig. S8, C and D). The 

length of the electron density observed along several surface grooves in A139T is 

substantially longer than any known components of the crystallization conditions or 

Escherichia coli lipids (Fig. 4B and fig. S9), implying a continuous path occupied by several 

ligands or lipids bound in different positions. These observations suggest a possible sliding 

mechanism of transport (Fig. 4B and fig. S9E), similar to maltoporin (26) but on the external 

protein surface. Such a transport pathway would require the association of TSPO with itself 

or other protein partners. In fact, StAR and VDAC have been reported to associate with 

TSPO in a cholesterol transport complex (1), whereas oligomerization of mouse TSPO has 

been observed (27). The EM structure and the crystal-packing arrangements (fig. S4) also 

suggest possibilities for homo-oligomerization of the TSPO dimer. Models for TSPO-

mediated ligand transport are somewhat constrained by the dimeric structure seen in 

RsTSPO crystals, making unlikely an internal pore-like transport mechanism (28) through 

the monomer or transport via the tight dimer interface (14). Thus, an external surface-

transport mechanism appears worthy of further investigation.

Based on the structures of RsTSPO, WT, and A139T determined in this study and current 

understanding of TSPO function, we propose that the phenotype of the A147T mutation in 

humans arises from altered cholesterol binding and transport caused by the perturbed 

environment around the CRAC site, which modifies the binding surface for cholesterol. 

Concurrently, the changes in the tilt of the helices give rise to reduced binding of other 

ligands, suggesting that the A147T mutation overall favors a lower-affinity conformation. A 

proposed external surface-transport mechanism that probably requires protein partners is 

consistent with the complex functional and regulatory properties of this ancient multifaceted 

protein (29–32).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure and ligand binding affinity of RsTSPO WT and the A139T mutant
(A) Ligand binding affinities are shown for RsTSPO WT and the A139Tmutant mimicking 

the human A147Tmutation. Dissociation constant (Kd) values are obtained as described in 

(24): 10 ± 1 μM for PK11195 with WT, 42 ± 4 μM with A139T; 0.3 ± 0.01 μM for PpIX 

with WT, 1.9 ± 0.3 with A139T; and ~80 μM for cholesterol with WT, >300 μM with 

A139T. WT data are from (14), reproduced for comparison. (B) Overall structure of the 

A139T dimer. The position of the A139T mutation is labeled with a red asterisk and shown 

in sticks; the five transmembrane helices (TM-I to TM-V) are colored blue, green, wheat, 

orange, and red, respectively; and loop 1 (LP1) is colored teal. (C) Top view of (B). RsTSPO 

A139T crystallized in two different space groups (C2 and P212121) that have identical 

overall structures except for the flexible C terminus, whereas WTcrystallized in a P21 space 

group. In all three crystal forms, the identical parallel dimer of RsTSPO was observed (Fig. 

2). The A139Tmutant in the C2 space group is shown here and used to discuss the major 

structural features of RsTSPO, as it has the highest resolution and most complete structure 

of RsTSPO. The N and C termini are labeled N/N′ and C/C′, respectively; the dashed lines 

highlight the approximate membrane region.
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Fig. 2. Analysis of the dimer interface
(A) The dimer interface is primarily made up of TM-I and TM-III. Helices are colored the 

same as in Fig. 1 (blue, TM-I; gold, TM-III; orange, TM-IV) but are shown as space-filling 

models. TM-II and TM-IV make only minor contributions to the interface. Rotating the 

monomer by 180° about the dyad axis (blue dashed line) and overlaying it on top of itself 

creates the dimer. (B) Hydrophobic (white) and hydrogen bonding residues (blue, hydrogen 

bond donor atoms; red, hydrogen bond acceptor atoms) within the dimer interface. (C) Top 

view of a slab [between lines a and b in (A)]; residues forming strong interactions in the core 

of the dimer interface are labeled. The interface is essentially identical in all WTand 

A139Tstructures.
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Fig. 3. Structural comparison of WTand A139T RsTSPO
Monomers of the WT (wheat) and A139T (green) are overlaid. (A) Overall structural 

alignment that highlights the degree and direction (arrows) of conformation change from 

WT to A139T for TM-II and TM-V. (B) Top view of the monomer, highlighting the side-

chain rearrangements in sticks. Residue 139 is colored in blue; the CRAC site is colored in 

pink with two of three proposed critical residues (L142 and F144) highlighted in magenta. 

The prime symbol designates the mutant position. (C) Close-up side view of the potential 

ligand binding cavity, which reveals major differences in the conformations of LP1, TM-II, 

and TM-V between the WTand mutant proteins (fig. S7). The dotted yellow line denotes the 

location of unresolved LP1 in the WT structure (residues 29 to 40).
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Fig. 4. Ligand binding and evidence for a transport pathway
Close-up view of the porphyrin binding site (A) with a porphyrin (pink) overlaid with 

feature enhanced map (FEM) omit map electron density (blue) and Fo – Fc difference 

electron density (green), contoured at 1σ and ±3σ, respectively. A partially oxidized 

porphyrin is suggested by the spectrum (fig. S8A) that shows absence of a Soret band. (B) 

Surface groves on TSPO are occupied by monooleins and phospholipid (yellow). The CRAC 

site (red) is also interacting with lipids. Unusually long FEM omit map electron density (in 

blue and contoured at 1.0σ) extends from the porphyrin binding site to the bottom surface of 

the protein, beyond the bound phospholipid, suggesting an external transport pathway that 

involves both monomers of the dimer (see also fig. S9).
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