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Abstract: A conserved family of tryptophan-rich sensory proteins (TspO) mediates the transport of
heme degradation intermediates across membranes. In eukaryotes, the homologous mitochondrial
translocator protein (TSPO) binds cholesterol and radioligands as monomer. On the basis of the
mammalian TSPO structure, bioinformatic analysis, and a 10 A resolution electron microscopy map
of TspO from Rhodobacter sphaeroides, we developed a model of the tertiary and quaternary
structure of TspO that is in agreement with available mutagenesis data. Our study provides insight
into the conformational basis for the restricted interaction of bacterial TspO with radioligands and

the functional oligomerization state of bacterial TspO proteins.
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Introduction

Cell membranes of living organisms are formed by
lipid bilayers that are largely impermeable to ions
and small molecule metabolites. The movement of
small compounds through the cell membranes is
enabled by transmembrane proteins forming pores,
channels and gates. The translocator protein (trypto-
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phan-rich sensory protein, TSPO), present in mito-
chondria of eukaryotes, is an 18 kDa protein, which
is mainly found at the outer and inner membrane
contact sites? and mediates the transport of por-
phyrins and dicarboxylic tetrapyrrole products of the
heme biosynthetic pathway. Additionally, TSPO is
known for its interaction with the steroidogenic
acute regulatory protein to transport cholesterol into
mitochondria.®* At the carboxylic terminus, TSPO
contains a high-affinity cholesterol recognition
amino-acids consensus sequence.’” The mitochondrial
TSPO was first described as peripheral benzodiaze-
pine receptor (PBR), a secondary binding site for
diazepam,®” but subsequently the receptor was
found to be expressed throughout the body, including
brain.® The TSPO was found to interact with VDAC
and ANT,? which may be part of its capability to reg-
ulate the collapse of the mitochondrial membrane
potential.’® Transmission electron and atomic force
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microscopy indicated that between four to six mole-
cules of TSPO preferentially associate with one mol-
ecule of VDAC to form a single mitochondrial pore.!!

The TSPO architecture is highly dynamic in the
ligand-free state.!?!? Synthetic ligands such as 1-
(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)—3-iso-
quinoline-carboxamide (PK 11195) bind to TSPO416
and decrease its flexibility.'>!® The ligand-induced
structural stabilization enabled the determination of
the three-dimensional structure of mouse TSPO
(mTSPO) using solution-state nuclear magnetic reso-
nance (NMR) spectroscopy.'? The 3D structure of the
mTSPO-PK 11195 complex is composed of five
transmembrane a-helices (TM1 to TM5) that tightly
pack together in the clockwise order TM1-TM2-
TM5-TM4-TM3 (cytosolic view). The longest loop is
located in between the helices TM1 and TM2 and
closes the entrance to the hydrophobic pocket where
PK 11195 is bound. The TSPO-PK 11195 complex
contains one TSPO and one PK 11195 molecule, in
agreement with a 1:1 stoichiometry of TSPO-ligand
interactions.'*

In the case of evolutionary older organisms that
lack mitochondria, the prokaryotic tryptophan-rich
sensory protein TspO is an ortholog of mammalian
TSPO, both proteins belonging to the same TspO/PBR
protein family. However, bacterial TspO differs from
mitochondrial TSPO in several important aspects
such as its affinity to ligands. Although both TspO
and TSPO bind the pyrrolidone intermediates of por-
phyrin degradation,'” the interaction of the bacterial
protein with high-affinity synthetic ligands of mam-
malian TSPO is perturbed.'® In addition, the two
orthologs differ in their oligomerization state: mam-
malian TSPO recognizes PK 11195 as a monomer'?
while the bacterial ortholog is dimeric.®?° Dimers of
TspO from Rhodobacter sphaeroides (RsTspO)
observed by cryo-electron microscopy (EM) had
dimensions of approximately 40 A x 27 A x 40 A.
However, due to the limited resolution of the electron
density neither the helix topology nor the identity of
the helices at the dimer interface was resolved. The
distinct oligomerization state of RsTspO and mTSPO
raises the question about the functional importance of
their quaternary structure. Moreover, reactive oxygen
species can induce oligomer formation of mammalian
TSPO, including dimers, tetramers, and octamers,
but the exact functional and pathological role of these
oligomers is unknown.2

To dissect the dimeric arrangement of RsTspO
and the structural basis for the distinct affinity of
the bacterial and mammalian protein to synthetic
ligands, we here combine the 3D structure of the
mTSPO-PK 11195 complex with the EM map of
RsTspO and homology modeling techniques. The
developed 3D model of RsTspO fits and explains the
structural and biochemical data presented by others
so far. In addition, it highlights differences in ligand
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binding between mammalian and bacterial orthologs
of the protein.

Results

RsTspO shares 32%/55% sequence identity/similarity
with mTSPO, which itself has a sequence identity of
86% with the human protein (see Supporting Infor-
mation Fig. S1). Consistent with the high sequence
identity, the secondary structure predicted for
RsTspO—including the five transmembrane helices—
is highly similar to that of mammalian TSPO. Many
RsTspO residues that are involved in interhelix con-
tacts in mTSPO, such as W5, Y31, L34, P37, W39,
V64, W135, and L142'2 are conserved [Fig. 1(A,B)].
In addition, proline 130/138 (RsTspO/mTSPO), which
induces a kink in the transmembrane helix TM5, is
present in both RsTspO and mTSPO. The lowest
interspecies similarities are found for TM1, with TM1
of RsTspO containing more polar residues when com-
pared to mTSPO [Fig. 1(A)].

Next, we determined a 3D homology model of
monomeric RsTspO using the Chimera?? interface to
Modeller9v13.22 The 3D homology model of RsTspO
is composed of five transmembrane «-helices [Fig.
1(B)]. Helix TM3 extends slightly less (approxi-
mately by one a-helix turn) out of the membrane
when compared to mTSPO [Fig. 1(B) and Supporting
Information Fig. S2]. The five transmembrane heli-
ces of RsTspO are connected by short loops. Due to
the absence of three amino acids in the bacterial
ortholog ¢"RGE?® in mTSPO), the extracellular loop
connecting TM1 and TM2 is shorter than in mTSPO
(see Supporting Information Fig. S2). In addition,
the TM1-TM2 loop of RsTspO is predicted to be flex-
ible, while this loop forms a well-defined and rigid
a-helix (E29 to A35) in the high-resolution 3D struc-
ture of the mTSPO-PK 11195 complex.!? This o-
helix is part of the lid protecting the entrance to the
PK 11195 binding site of mTSPO.

The structural model of RsTspO is supported by
an analysis of the nuclear Overhauser effect con-
tacts, which were observed in the mTSPO-PK 11195
complex between residues that are identical in
mTSPO and RsTspO [Fig. 1(B)]. In the contact net-
work, TM1 of RsTspO is linked to the neighboring
TM3 helix through residue W5 and G22. A further
potentially conserved contact is present between
Y31 (C-terminal end of TM1) and K36 (N-terminal
end of TM2). All other helices are mutually linked in
the clockwise order TM2-TM5-TM4-TM3-TM1
(extracellular view). In addition, TM2 has conserved
contacts with TM4 and the TM1-TM2 loop is con-
nected to TM5 by the interactions L34-N150 and
K36/P37/W39-A100 [Fig. 1(B)]. Overall, a larger
number of contacts between conserved residues are
present at the side of the RsTspO model, which is
distant from the extracellular space. This is due to
the higher sequence conservation in this part of the
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Figure 1. Model of the tertiary structure of RsTspO. A: Sequence alignment of mTSPO [Mus Musculus] and RsTspO [R. sphaer-
oides]. ldentical residues in the two proteins are marked in red. The location of the five transmembrane helices is indicated by
black solid lines. The helix, which is found in the TM1-TM2 loop of the mTSPO-PK 11195 complex structure, is marked by a
gray dotted line. B: The best-scored 3D homology model of RsTspO with highly conserved residues (red in A) linked by their
Ca atoms according to the presence of long-range nuclear Overhauser enhancement cross peaks experimentally observed in
the mTSPO-PK 11195 complex. Transmembrane helices 1-5 are colored from blue to red. Gray dotted lines indicate approxi-

mate membrane boundaries.

protein [Fig. 1(A,B)]. It also suggests that ligand
binding to the less conserved extracellular side of
RsTspO might be important for structural stabiliza-
tion. Consistent with this hypothesis the EM map of
RsTSPO in the absence of a synthetic ligand was
less defined on the extracellular side [Fig. 2(A)].

To obtain structural insight into the oligomeri-
zation of RsTspO, we combined the homology model
of RsTspO [Fig. 1(B)] with the electron density
observed by cryo-EM for RsTspO.'® Dimeric models
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of RsTspO were generated using a “pdbsymm” sym-
metry builder script from the Situs 2.7 package®*
and the modeled 3D structure of RsTspO. The C2
axis was defined in front of either the TM1/TM2 hel-
ices or the TM2/TM5 helices. The resulting dimer
was fitted into the 10 A EM map using Chimera.??
The mutual orientation of the subunits was subse-
quently refined with enforced C2 symmetry until
the maximum correlation between the experimental
and simulated dimer maps at 10 A was achieved.

Functional Oligomerization State of Bacterial TspO
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Figure 2. Potential dimeric arrangement of RsTspO. A: C2 symmetric homodimer model of RsTspO in a ribbon representation
fitted to the 10 A EM map (EM Data Bank entry 1698). Transmembrane helices are labeled. The position of W38 is marked by
an orange dot. The electron density is drawn at 1.65 ¢ level. B: Hydrophobicity analysis of TM1 of RsTspO (top) and mTSPO
(bottom). Helical wheel representation with nonpolar residues in yellow, polar residues in heather, glycines and alanines in gray,
and prolines in green. The side of the helix that points to the interior of the helical bundle of mTSPO is marked by a dotted line.
On top of the helical wheel, the respective primary sequence is shown. Only those residues exposed toward the membrane are
colored. The overall hydrophobicity of TM1 of RsTspO (top) and mTSPO is given inside each helical wheel. The hydrophobic

moment is indicated by an arrow.

The best fit to the 10 A EM map was obtained
when the TM1 and TM2 helices were located at the
dimer interface. In addition, the dimensions of the
resulting RsTspO dimer were in good agreement with
those estimated from the EM map [Fig. 2(A)]. The rela-
tive orientation of the two subunits with respect to the
C2 symmetry axis, which is parallel to the membrane
normal, is mostly determined by the electron density
corresponding to TM4 and TM5. Rotation of one subu-
nit by ~34° around the C2 symmetry axis with respect
to the best-fitting model shown in Figure 2(A) results
in a worse fit of TM4 and TM5 to the experimental
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electron density [see Supporting Information Fig.
S3(A)l. Moreover, placing helices TM2 and TM5 at the
dimer interface resulted in a dimer that spans about
50 A [see Supporting Information Fig. S3(B)], while
EM estimates the maximum dimension to 40 A. The
experimental electron density of RsTspO is less defined
in the center of the lipid bilayer, in particular for the
TMS3 helix [Fig. 2(A)]. It was previously suggested that
the low quality of the electron density map of RsTspO
is potentially due to interhelical motions,'® in agree-
ment with the dynamic nature of mTSPO in the
absence of PK 11195.12
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Discussion

Stabilization of the structure of mTSPO by PK
11195 was essential for its successful structure
determination.'? The structure of the mTSPO-PK
11195 complex is the first 3D high-resolution struc-
ture of a helical membrane protein in complex with
a ligand solved by NMR spectroscopy. The perturbed
interaction of bacterial TspO with synthetic ligands
such as PK 11195 suggests that it might be even
more difficult to determine the high-resolution struc-
ture of bacterial TspO. In addition, NMR spectro-
scopic studies of bacterial TspO such as RsTspO are
complicated by its propensity to assemble into homo-
dimers.'® On the other hand, it might be possible to
stabilize the structure of the bacterial TspO by high-
affinity natural ligands, such as tetrapyrroles, or
synthetic ligands and thus enable high-resolution
structural studies.

To obtain insight into the structural properties
of bacterial TspO, we here combined the recently
obtained knowledge about the 3D structure of mam-
malian TSPO'? with bioinformatic analyses and an
EM map of RsTspO at 10 A resolution.'® In the
structure of the mTSPO-PK 11195 complex, the
extracellular side of mTSPO is stabilized by contacts
between the TM1-TM2 loop and the TM5 helix. The
connection between TM1 and TM2 folds onto the PK
11195 binding site, reducing the flexibility of the
TSPO structure. In the derived 3D model of RsTspO,
however, the TM1-TM2 loop is shorter [Fig. 1(B)
and Supporting Information Fig. S21.%° In particular,
the a-helix (E29 to A35) found in the TM1-TMZ2 loop
of the mTSPO-PK 11195 complex, which is impor-
tant for diagnostic ligand binding as supported by
numerous mutagenesis experiments,>?® is not pres-
ent. The absence of this a-helix could result in
increased flexibility of the bacterial TM1-TM2 loop
in comparison to mammalian TSPO. Moreover, the
TM1 helix has the lowest interspecies similarities
among the transmembrane domains of TspO/PBR
proteins [Fig. 1(A) and Supporting Information Fig.
S1]. For example, residues such as V26 of mTSPO,
which directly contacts PK 11195, are not preserved
in the RsTspO sequence. At the same time, all TspO/
PBR proteins bind tetrapyrrole intermediates of the
heme biosynthetic pathway.!” Bacterial RsTspO can
even be substituted with complete functionality by
rat TSPO as a negative regulator for a number of
photosynthetic genes.?” The finding that both bacte-
rial TspO and mammalian TSPO can bind tetrapyr-
role substrates, but only mammalian TSPO has high
affinity to PK 11195 suggests that the binding site
for tetrapyrrole substrates differs at least partially
from the binding site of synthetic ligands.?®

Mutation of W38 in RsTspO to cysteine results
in formation of covalent dimers.?’ In the 3D model
of RsTspO, W38 is located above TM1/TM2 in the
middle of the TM1-TM2 loop [Fig. 1(B)]. On the
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basis of the arrangement of the transmembrane heli-
ces, W38C-mediated disulfide bond formation is thus
possible with two dimeric interfaces: TM1TM2:TM
2'TM1’ and TM2TM5:TM5'TM2'. However, only the
dimer with the TM1TM2:TM2'TM1’ interface satis-
fies the dimensions of the EM density map [Fig.
2(A) and Supporting Information Fig. S3].2° Support
for the involvement of TM1 in the dimer interface
also comes from the more polar character of TM1 in
RsTspO when compared to mTSPO [Fig. 2(B)]. In
the monomeric RsTspO model, several polar side
chains of TM1 are located on the side that would
point to the hydrophobic environment of the mem-
brane [Fig. 2(B)]. Dimer formation mediated by
these residues would therefore lower the energetics
of membrane-TM interaction.?*3! As additional
support for the TM1TM2:TM2TM1’ interface one
might consider the residual electron density, which
is present above the TM region close to the dimer
interface and might be attributed to the disordered
C-terminus of TM5 and the TM1-TM2 loop of
RsTspO [Fig. 2(A)]. A parallel orientation of the two
subunits is in agreement with the EM map and the
location of W38C (S41 in human/mouse ortholog).°
Notably, residue C15, which is present only in the
RsTspO sequence and located in the middle of the
TM1 helix [see Supporting Information Fig. S2],
does not form a covalent disulfide bond between
dimer subunits.?’ In the 3D model of RsTspO, the
C15 side chain is buried within the helical bundle
[see Supporting Information Fig. S2].

According to the 3D structure of the mTSPO-
PK 11195 complex, synthetic ligands of mammalian
TSPO bind to a hydrophobic pocket formed by the
bundle of five TM helices. In the dimeric model of
RsTspO shown in Figure 2(A), which is in agreement
with the experimental electron density, some space
is available within the 5-helix bundle of each subu-
nit. This might point to two equivalent binding sites
per dimer in bacterial TspO proteins. Similarly to
the PK 11195 binding site of mTSPO, ligand binding
to bacterial TspO proteins might involve TM4/TM4/
and TM5/TM5’, that is those transmembrane helices
that were found to be the most stable elements of
mTSPO after binding of PK 11195.'2 Two equivalent
binding sites per bacterial TspO dimer are further
supported by the finding that the A147T polymor-
phism, which occurs in TM5, affects both the bind-
ing of 2nd generation ligands to mammalian TSPO
and interaction of porphyrin with bacterial
Tsp0.2832 Alternatively, it has been suggested that
the binding site for porphyrins might be located
within the dimeric interface, as found in some multi-
drug transporters.>®3* However, in the dimer model
of RsTspO [Fig. 2(A)], the dimer interface is rather
flat and possibly tightly packed, questioning such a
mechanism. Therefore, more studies are needed to
investigate the stoichiometry of protein to ligand

Functional Oligomerization State of Bacterial TspO



binding in RsTspO. In addition, dimeric or higher
order oligomeric forms of RsTspO might allow an
allosteric interplay between ligand binding and pro-
tein oligomerization.

Mammalian TSPO can also oligomerize, but the
underlying mechanism is unknown. Because the
faces of the TM helices of mTSPO are predominantly
hydrophobic, the mechanism of oligomerization
likely differs from that of RsTspO. One such mecha-
nism could be mTSPO dimerization mediated by
cholesterol. The cholesterol binding motif of mTSPO
is on the membrane-oriented surface of TM5,'% such
that a cholesterol molecule could bind there, fol-
lowed by dimerization with a second cholesterol mol-
ecule®® and recruitment of a second mTSPO
molecule. Indeed, cholesterol has been found in
between the subunit structure of G-protein coupled
receptors.’® Bacterial membranes do not contain
cholesterol, consistent with different aggregation
modes of mammalian TSPOs and prokaryotic TspOs.
In addition, reactive oxygen species can cause cova-
lent oligomerization of mTSPO.%!

In conclusion, the 3D model of TspO from R.
sphaeroides developed on the basis of its 10 A reso-
lution EM map, the high-resolution 3D structure of
mTSPO, and bioinformatic analysis provides molecu-
lar insights into the perturbed interaction of RsTspO
with high-affinity radioligands of mTSPO such as
PK 11195. In addition, the developed arrangement of
the RsTspO dimer is in agreement with available
data from EM and mutagenesis and suggests a
mechanism for functional oligomerization of bacte-
rial TspO proteins. Further validation of this model
might include mutagenesis studies within the trans-
membrane helices TM1 and TM2, including covalent
disulfide crosslinks, as well as titration studies with
ligands in order to stabilize the protein fold for high-
resolution structural studies.

Material and Methods
Multiple sequence alignment of 15 representatives of
the TSPO protein family was performed using the T-
COFFEE server’” at http://www.ebi.ac.uk/Tools/msa/
tcoffee/ (see Supporting Information Fig. S1). Figures
were generated with Chimera version 1.8.1%2 using
Multialign Viewer tools. Disordered fragments were
predicted from the primary sequence using the
PHYRE2 server (http:/www.sbg.bio.ic.ac.uk/phyre2/).3®
Comparative (homology) modeling of the mono-
meric RsTspO subunit was done with the Chimera??
interface to Modeller9v13%® using full-atom mode
including protons. The high resolution structure of
mTSPO (PDB ID: 2MGY'?) was used as a template
together with the multiple sequence alignment of 15
TSPO family proteins (see Supporting Information
Fig. S1). Because the NMR ensemble shows hetero-
geneity within the orientation of some side chains,
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all 20 structures from the ensemble were taken as
templates for modeling. Each conformer was used to
generate five models of RsTspO resulting in 100
models in total. The highest-scored model was
selected for further analysis. On the basis of the 3D
structure of the mTSPO-PK 11195 complex!? and
the 3D model of RsTspO, the physicochemical prop-
erties of the 18-residue-long TM1 helix of mTSPO
and RsTspO were analyzed using HeliQuest.>°

The 10 A resolution EM map of RsTspO (EMDB
id 1698'%) was processed and analyzed using Chi-
mera®? version 1.8.1 at 1.65 ¢ level. The EM map
was reduced to the asymmetric unit corresponding
to the RsTspO:RsTspO dimer electron density and
used for rigid body fitting of the 3D models of
RsTspO.
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