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Abstract

The translocator protein (TSPO), previously known as the peripheral benzodiazepine receptor
(PBR), is a membrane protein located on the outer mitochondrial membrane. Experimentally-
derived structures of mouse TSPO (mTSPO) and its homologs from bacterial species have been
determined by NMR spectroscopy and X-ray crystallography, respectively. These structures and
ligand interactions within the TSPO binding pocket display distinct differences. Here, we leverage
experimental and computational studies to derive a unified structural model of mTSPO in the
presence and absence of the TSPO ligand, PK11195, and study the effects of DPC detergent
micelles on the TSPO structure and ligand binding. From this work, we conclude that that the
lipid-mimetic system used to solubilize mTSPO for NMR studies thermodynamically destabilizes
the protein, introduces structural perturbations, and alters the characteristics of ligand binding.
Furthermore, we used Rosetta to construct a unified 77TSPO model that reconciles deviating
features of the mammalian and bacterial TSPO. These deviating features are likely a consequence
of the detergent system used for structure determination of mTSPO by NMR. The unified 77TSPO
model agrees with available experimental NMR data, appears to be physically realistic (i.e.
thermodynamically not frustrated as judged by the Rosetta energy function), and simultaneously
shares the structural features observed in sequence-conserved regions of the bacterial proteins.
Finally, we identified the binding site for an imaging ligand VUI1S8310 that is currently
positioned for clinical translation using NMR spectroscopy and propose a computational model of
the VUIIS8310-mTSPO complex.
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Introduction

The 18-kDa TSPO, previously known as the peripheral benzodiazepine receptor (PBR), is an
evolutionarily conserved five transmembrane (TM) span alpha-helical protein located in the
mitochondrial outer membrane (Fan et al. 2012; Braestrup and Squires 1977). Research on
TSPO spans decades and ranges from basic biochemical analysis to high-affinity ligand
development. It has been found that TSPO is ubiquitously expressed in all human tissues,
but is especially elevated in steroidogenic tissues and in certain pathological tissues such as
cancer tumors and inflamed brain matter (Batarseh and Papadopoulos 2010; Ching et al.
2012). In vivo imaging suggests that TSPO is a promising target for cancer and is also a
potential biomarker and therapeutic target for central nervous system (CNS) disorders
(Galiegue et al. 2003; Fafalios et al. 2009). There is evidence that the majority of TSPO
ligands interact with the loop between helices | and Il, while cholesterol binding is mediated
by the C-terminal cholesterol recognition/interaction amino acid consensus (CRAC) motif
(Jamin et al. 2005; Gavish et al. 1999).

TSPO has been proposed to be a component of the mitochondrial permeability transition

pore

TSPO, together with the voltage dependent anion channel (VDAC) and adenine nucleotide
translocase (ANT), is a component of the mitochondrial permeability transition (MPT) pore
during apoptosis (McEnery et al. 1992; Veenman and Gavish 2012). Moreover, TSPO-
mediated cholesterol translocation has been proposed to be the rate-limiting step in
progesterone synthesis in mitochondria, where cholesterol is further metabolized to steroid
hormones (Lacapére and Papadopoulos 2003). Several studies have been conducted to probe
the pharmacological or biochemical properties of TSPO involvement in hormone
metabolism and apoptosis (Li and Papadopoulos 1998; Taketani et al. 1995; Verma et al.
1987). However, a number of recent in vitro and in vivo TSPO genetic knockout studies
have challenged the paradigm that the function of TSPO plays a critical role in biological
processes (Morohaku et al. 2014; Tu et al. 2014; Tu et al. 2015; Sileikyte et al. 2014). For
example, it was reported that MPT pores still form in TSPO gene knockout mice (Sileikyte
et al. 2014), where additional, possibly compensatory factors such as the F1Fy-ATP synthase
were found in the MPT pore complex (Giorgio et al. 2013). Moreover, some putative TSPO
ligands were found to also inhibit F1Fg-ATP synthase-mediated MPT (Cleary et al. 2007).
Conditional or global knockouts of TSPO produced no apparent changes in viability or
steroid hormone synthesis in mice (Morohaku et al. 2014; Tu et al. 2014), conflicting with
the previous report that TSPO knockouts are embryonically lethal (although it must be noted
that the methodology of generating TSPO null models were different). In vitro knockout of
TSPO by siRNA also failed to display inhibition of the steroidogenic pathway (Tu et al.
2014). One report also suggested that the effect of early generation TSPO ligands on
steroidogenesis might be the result of alteration of membrane properties by ligands or other
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off-target effects (Hatty et al. 2014). TSPO is highly expressed in activated microglia, and
has been proposed as a biomarker of neuroinflammation (Liu et al. 2014). However, using
the TSPO global knockout mice, it was subsequently demonstrated that activation of
microglia after neuronal injury does not require TSPO, though microglia isolated from
TSPO knockouts have altered oxygen consumption and ATP synthesis rates (Banati et al.
2014). At this point, it seems likely that compensating mechanisms exist in mitochondria for
loss or malfunction of TSPO. Therefore, it seems possible that TSPO’s exact function in
biological processes remains to be elucidated. Nevertheless, TSPO remains an ancient, well-
conserved protein that is highly expressed under both physiological and disease states for
which unambiguous structural insight is desirable.

TSPO is a target for imaging ligands

Despite the controversies surrounding TSPO function, TSPO has become a target for cancer
imaging via positron emission tomography (PET). TSPO is overexpressed in several cancer
types, including glioma (Black et al. 1989; Starostarubinstein et al. 1987), breast (Hardwick
etal. 1999; Carmel et al. 1999), and colorectal (Deane et al. 2007; Maaser et al. 2001, 2002)
cancers. TSPO overexpression in cancer cells has also been linked with disease progression
and prognosis in patients with colorectal (Deane et al. 2007; Maaser et al. 2001, 2002),
breast (Hardwick et al. 1999; Carmel et al. 1999), and brain (Black et al. 1989; Junck et al.
1989) cancers. Additionally, elevated TSPO levels appear to be associated with metastatic
potential in breast and colorectal cancer cells (Hardwick et al. 1999, 2001; Han et al. 2003).
Thus, TSPO is an important prognostic biomarker in oncology and is the target for tumor-
selective TSPO PET ligands for cancer imaging. Second generation PET ligands derived
from pyrazolopyrimidine such as [18F] DPA-714 (Tang et al. 2012) and [18F]VUII1S1008
(Tang et al. 2013, 2014) are used to visualize TSPO expression in tumors in preclinical
settings. Recently, a new PET ligand 7-chloro-N,N,5-trimethyl-4-oxo-3(6-
[FIfluoropyridin-2-y1)-3,5-dihydro-4H-pyridazino[4,5-b]indole-1-acetamide (VUI1S8310)
was developed as a potential PET tracer for cancer imaging (Cheung et al. 2014). The
structural determinants of the VUIIS8310 interaction with TSPO are unknown.

The fold of TSPO is conserved between mammalian and bacterial homologs

The current understanding of the TSPO structure at a molecular level stems from the
solution NMR structure of mouse TSPO (mTSPONMR) (Jaremko et al. 2014, 2015) and two
crystal structures of bacterial homologs from Rhodobacter sphaeroides (rsTSPOX-RaY) and
Bacillus cereus (bcTSPOX-RaY) (Li et al. 2015; Guo et al. 2015) (Fig. 1A). mTSPONMR \yas
determined in dodecylphosphocholine (DPC) detergent micelles under conditions where it
was complexed with the imaging ligand PK11195 (Fig. 1A). The crystal structures of the
two bacterial TSPO homologs were determined following lipidic cubic phase crystallization
(Fig. 1A). All three structures share the same fold, despite bacterial TSPO having less than
30% sequence identity to Auman TSPO (ATSPO) (Fig. 1B). In these structures, the CRAC
motif faces the lipid environment away from the dimerization interface, complicating the
hypothesis that TSPO serves as a cholesterol transporter.
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Ligand conformations observed in experimentally-determined structures differ

PK11195 co-crystalized with 6cTSPO displays a different binding mode when compared to
PK11195 positioned in the mTSPO structure determined by NMR spectroscopy (see Figure
S1A + B). The ligand center-of-mass in 4¢TSPO is shifted 3A away from that in /77TSPO
(after structural alignment of both proteins) and the chlorophenyl-N-methylisoquinoline
group is rotated by 150° (compare with Figure S1C) while the position of the butanyl-
carboxamide group between helix 11 and IV is almost unchanged. In 5cTSPOX-RaY the
methylisoquinoline ring of PK11195 establishes rt—r stacking interactions with F90 and
W51 and the ligand’s carbonyl group makes polar contacts with the side-chains of W51 and
W138 (Li et al. 2015; Guo et al. 2015) (Figure S1A). In contrast, in wild-type and in the
A147T mutant of mTSPONMR PK11195 is not engaged in polar contacts but the ligand
binding pocket is lined with several hydrophobic residues: A23, V26, L49, 152, W95, W107,
Al110, L114, W143, F146, A147 and L150 (Jaremko et al. 2014, 2015) (Figure S1B). This
leads to increased ligand burial in mTSPO (the solvent-accessible surface area of PK11195
is ~ 640 A2 compared to ~ 710 A2 in b¢TSPO) and could explain the higher affinity of
PK11195 to mTSPO which was reported to be a thousand-fold higher than the affinity to
bcTSPO (Frison et al. 2017).

TSPO exists in an equilibrium of oligomeric states in biological membrane

While the mTSPONMR strycture is monomeric in detergent systems, there are reports
indicating that a fraction of mTSPO exists as oligomers in lipid bilayers (Teboul et al. 2012;
Papadopoulos et al. 1994; Jaipuria et al. 2017). Bacterial TSPOs are homodimers under
crystallization conditions, but different dimerization interfaces were observed. For
bcTSPOX-RaY helices | and 11 contribute to the main dimerization interface. The primary
dimer interface for 7sTSPOX-RaY js formed by helices | and I11. 77TSPO reconstituted in a
lipid bilayer is shown to be in an equilibrium state of dimer and monomer mediated by the
GxxxG motif on helix 111, as demonstrated by solid state NMR studies (Jaipuria et al. 2017).
Addition of cholesterol shifts the equilibrium towards the monomeric form and additionally
induces structural changes of mTSPO distal to the cholesterol binding site.

An article from the original authors of the 7 TSPONMR study describes the conformational
state of apo-mTSPO (Jaremko et al. 2015). In their findings, the apo-mTSPO NMR
spectrum is not completely assigned and revealed pico- to nanosecond backbone motion of
mTSPO in the absence of PK11195. Detergents of different acyl-chain length were used to
demonstrate the conformational exchange is independent of the specific detergent system
used. It is also shown that apo-mTSPO lacks tertiary interactions resulting in a loss in
stability and local unfolding around the ligand-binding site (Jaremko et al. 2015). Even for
the ligand-bound folded form of mTSPO, the high temperature at which NMR experiments
were conducted and the lack of ligand titration data validating specific stoichiometric
binding prompts questions regarding the structure’s physiological relevance. Understanding
the conformational plasticity of mTSPO in a physiologically-relevant membrane mimetic is
critical for reliably investigating the binding of PET imaging ligands to 7TSPO with NMR
spectroscopy.
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Structural models for human TSPO (hTSPO) need additional experimental and
computational validation before they can be employed to assist development of improved
imaging agents and potential therapeutics

It is well established that only very high-accuracy structures can reliably be used for in silico
ligand binding design efforts. Current models for ATSPO are based on the three
experimental structures (mouse and two bacterial) (Fig. 1), which are unlikely to fulfill this
criterion. The available structural snapshots for TSPO homologs contradict each other in
important aspects, such that they cannot be expected to serve as reliable templates for ligand
docking to ATSPO. However, these three experimental structures of TSPO do provide a
critical starting point for understanding possible biological roles of the protein from a
molecular level and serve as crucial stepping stones to a reliable integrative structural model
for the human ortholog. In this study, we experimentally validate that mTSPO’s ligand
binding properties under the originally-reported NMR conditions reflect native-like
behavior. We also use integrated structural biology to derive a unified structural model for
mTSPO based on all three experimentally determined structures in which the various non-
physiological frustrations and contradictions between the original structures are resolved.
The resulting integrative model for mTSPO can be expected to provide a reliable guide for
future investigation and a template for the human TSPO ortholog. We also report the
molecular interaction between the novel PET ligand VUI1S8310 and mTSPO based on
computational docking and NMR experiments.

Materials and methods

Protein expression and purification

15N-labeled mTSPO was expressed in BL21 (DE3) £. colicells in M9 minimal media,
solubilized, and purified with DPC detergent, as adapted from previous publications
(Jaremko et al. 2014; Murail et al. 2008). In short, the protein was induced at an ODggq of
0.8 with 1 mM isopropy! p-D-1-thiogalactopyranoside (IPTG) for 12 h at 25 °C. The
membrane-targeted mTSPO fraction was collected using ultracentrifugation after lysing
cells by sonication. 1% (w/v) DPC was used to solubilize the membrane faction for Ni-NTA
affinity chromatography. A concentration of 0.1% (w/v) of DPC was maintained throughout
purification and mTSPO was eluted from the Ni resin using 300 mM imidazole. The purity
of the protein was estimated on a SDS-PAGE gel stained with Coomassie blue to be > 95%.
In cases when N-dodecyl p-D-maltoside (DDM) was used, 1% DDM (w/v) was used to
solubilize the membrane fraction of mTSPO and 0.1% DDM (w/v) was used during the
purification process. All final samples were buffer exchanged into 25 mM MES buffer, pH
6.2, and 100 mM NaCl for downstream NMR and fluorescence experiments.

Measurement of PK11195 binding to mTSPO by intrinsic tryptophan fluorescence

Quenching of the intrinsic fluorescence of tryptophan residues was used to study the ligand
binding properties of PK11195 to mTSPO (Korkhov et al. 2010) under different
experimental conditions. The quenching of protein fluorescence with the ligand PK11195
and 0.5 pM mTSPO reconstituted in either DPC or DDM micelles was monitored over a
concentration range at both room temperature and 42 °C. For each titration point, TSPO
tryptophan residues were excited at 290 nm and the fluorescence emission maximum was
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measured at 350 nm (spectral scan from 300 nm to 400 nm) on a Horiba Jobin-Yvon
Fluoromax-3™ spectrofluorimeter. Control experiments were performed to correct for any
absorption and emission contributions from the ligand, solvent and buffer. Since mTSPO
contains multiple buried and solvent exposed tryptophan residues, the area under each
emission spectrum was integrated to account for all tryptophan residues and a percentage
fluorescence change for each concentration point was calculated. The binding curve was
obtained by plotting the percent maximal change [i.e. % Change = (F— F)/(Ff— F))] against
total ligand concentration [L] represented as the ligand-detergent molar ratio in Prism 6©,
where Fis the fluorescence at a specific titration point, £;is initial fluorescence in the
absence of ligand and F¢is the final fluorescence at the highest concentration of ligand. The
solvent for membrane proteins is its lipid membrane mimetic (i.e. detergent micelles). Since
fluorescence and NMR experiments operate at different protein and detergent
concentrations, we used the ligand-detergent molar ratio (i.e. moles of ligand per moles of
detergent that are in the micelle state) to allow for direct comparison of titration data across
different conditions and spectroscopic techniques. It was seen that the quenching of
tryptophan fluorescence was biphasic, with low and high concentration transition phases.
The following equations were used to calculate the binding affinity for each transition (Trl
and Tr2) assuming a 2:1 binding model without cooperativity between the two binding sites
and taking into consideration ligand depletion ([ Lfree] Z [Liotall)-

%Change’"! = % Changelrl

KT 4 [P]+[L] - \/(KZ;;)z + PP+ (LI + 2K s [P+ 2KD (L] - 2[L1x [P] (D)
X
2[P]

%Change’™ = %Changel2

y K2+ [P1+ (L] - ¢(1<5,:§)2 + [P+ [L1 + 2K 2 [P+ 2K 2 x [L] = 2[L] x [P] (@)
2[P]
%Change = %ChangeT™ + %ChangeT™ + Offs (€)]

Here [L] is the total ligand concentration, [A] is the total concentration of purified mTSPO
protein (fixed at 0.5 uM in the experiment and during the fitting procedure), K,,T,f}, and K{,f,%

are the apparent dissociation constant for the transition sites, %Change represents the
calculated percentage quenching at each titration point and Offs (offset) allows a fit to go
through zero. PK11195 was dissolved in DMSO as a stock solution and diluted with DMSO

or buffer for fluorescence measurements. One representative binding curve is shown in each

panel in Fig. 2, while the KZ;}, and KZISI% values are reported as the average of three replicate

measurements fit with Eq. 3 in Table S1.

Measurement of PK11195 binding to mTSPO by NMR

2D 1H-I5N transverse relaxation-optimized spectroscopy (TROSY) heteronuclear single
quantum correlation (HSQC) spectra of mTSPO were recorded on an 800 MHz NMR
spectrometer at 42 °C with 0.1 mM mTSPO in 25 mM MES and 100 mM NaCl buffer at pH
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6.2 with 2% DPC (w/v). For the NMR titration experiments, 0.1 mM mTSPO was titrated
with PK11195 over a range of concentrations (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.6 mM,
3.2 mM). The ligand concentration [L] was converted to mole fraction for data fitting. The
spectra were processed with NMRPipe (Delaglio et al. 1995) and analyzed using Sparky
(Lee et al. 2015). Assignment of the majority of peaks in the TH-1"N HSQC spectrum of
mTSPO with PK11195 could be transferred from previous reports (Jaremko et al. 2014), as
deposited in the Biological Magnetic Resonance Data Bank (BMRB ID: 19608), and only
minimal peak position differences compared to the published assignment were noticed.

Peak intensities in the TH-1°N TROSY-HSQC spectrum of 7TSPO-PK11195 were
monitored during ligand titration. The spectral changes upon addition of PK11195 were
indicative of a typical slow-exchange process. Thus, the binding curve was obtained by
plotting the percent change in peak intensity [i.e. % Change = (/- 1)I(/¢— 1)] against [L] as
the ligand-detergent molar ratio, where /is the signal intensity at a specific titration point, /;
is the signal intensity in the absence of ligand and /¢is the final signal intensity at the highest
concentration of ligand. The NMR titration experiment showed a one phase transition and
was fit with Eq. 4 for a one-site binding event and taking into consideration ligand depletion

([Ltreel # [Liotar])-

%Change = %Changepax
o Kapp + [PI+1L] - JK2pp + [P + [LIP + 2Ky X [P] + 2Ky X [L] = 2ALI X [P] (4
2[P]

+Offs

The binding curve was then calculated by plotting the average of the %Change values of ten
residues (W5, Y34, W42, W47, G72, F100, W107, S116, V118, W155) that are part of
TSPO’s ligand binding pocket.

Measurement of VUIIS8310-induced NMR chemical shift changes in mTSPO

2D 1H-15N TROSY-HSQC spectra of 7TSPO in the presence and absence of 5 mM
VUIIS8310 were recorded on an 800 MHz NMR spectrometer at 42 °C with 0.1 mM
mTSPO in 25 mM MES and 100 mM NaCl buffer at pH 6.2 with 2% DPC (w/v). The
spectrum of mTSPO with VUIIS8310 was then compared to the previously recorded
mTSPO-PK11195 spectrum in order to infer the VUI1S8310 binding mode with respect to
the known location of PK11195, as detailed below. The weighted chemical shift change,
ACS, was calculated relative to the TH-15N TROSY-HSQC spectrum of mTSPO in the
presence of 5 mM PK11195 using Eq. 5:

®)

Ad15N )\
ACSz\/(ASIH)2+( ;SN).

Amino acid residues whose NMR signal in the mTSPO-VUIIS8310 spectrum could be
correlated with the corresponding signal in the mTSPO-PK11195 spectrum and for which
ACS was > 0.5 ppm were considered as having a significant ACS. Residues whose signal
disappeared in the mTSPO-VUIIS8310 spectrum were also marked as having a significant
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ACS. Residues with a ACS value between 0.1 ppm and 0.5 ppm were considered moderately
perturbed. The resulting ACS mapping was used to identify the potential VUIIS8310 binding
site on mTSPO.

RosettaCM modeling of mTSPO

Model 1 from the 7TSPONMR stryctural ensemble (PDB 2GMY), the A¢TSPOX™ crystal
structure (PDB 4RY1) and the 7sTSPOX-R& crystal structure (PDB 4UC2) were energy-
minimized using the Rosetta FastRelax protocol (Conway et al. 2014) running alternating
cycles of bond and angle optimization and side-chain repacking to produce 77T SPONMR-opt
bcTSPOX-Ray-0pt gng rsTSPOX-Ray-0pt models. The Rosetta comparative modeling
(RosettaCM) protocol (Song et al. 2013) was then used to hybridize the five best energy-
minimized models of either bcTSPOX-Ray-0pt sTSPOX-Ray-0pt or 4 combination of
bcTSPOX-Ray-opt - reTSPOX-Ray-opt gng mTSPONMR-0Pt models generating 2000 models of
mTSPOROsetaCM The hest 1% of models by Rosetta energy from each RosettaCM
calculation were subjected to an additional round of energy minimization with Rosetta
FastRelax. Final models were analyzed for convergence by calculating their Ca-atom root
mean square distance (Ca-RMSD) relative to the lowest-energy /7T SPOR0setaCM model and
inspecting the funnel-likeness of the Rosetta energy vs. Ca-RMSD plot. The lowest-energy
mTSPORosetaCM mode| was selected as the representative model for further analysis. Its
structural comparison and RMSD calculation to the experimentally determined structures of
mTSPONMR | hcTSPOX8Y and rsTSPOX-R&Y was done using Dali pairwise structural
alignment (Holm and Rosenstrdm 2010). Chemical shift predictions for /77T SPOR0séttaCM
were carried out using SPARTA + (Shen and Bax 2010). NOE distance deviations of
mTSPOROosetaCM \were calculated by comparison with the reported long-range (Ji-j| = 4
residues) experimental NOEs (BMRB ID: 19608) and evaluated on a per residue basis.
Validity of the model’s backbone conformation at the three Pro—Pro sites in mTSPO was
evaluated by comparison with the ¢/ dihedral angle distribution of Pro—Pro motifs
observed in a database of membrane proteins downloaded from the PDB. The ¢/ angles at
positions P ro#4—Pro*®, Pro%—Pro%7 and Prol31-Prol32 of the 20 top-energy models of
mTSPONMR-0pt gang ;7T SPOROSENaCM \were used for the analysis.

Computational ligand docking

The ligand PK11195 was computationally docked into the 5¢TSPOX-Ray-0pt crystal
structure, and /77T SPONMR-0pt ang 7T SPOROsEMaCM models using RosettaLigand (Meiler
and Baker 2006). Compound VUI1S8310 (Cheung et al. 2014) was computationally docked
into mTSPONMR-0pt and 7 TSPOROSE!taCM models. Ligand conformer libraries were
generated prior to docking using MOE (Molecular Operating Environment 2013) (Molecular
Operating Environment; Chemical Computing Group Inc., Montreal, QC, Canada). In the
case of PK11195, the ligand was initially placed in the binding pocket at a position inferred
from the experimentally determined PK11195 coordinates. In each docking calculation,
1000 models were constructed using maximal translational and rotational perturbations of
5A and 360°, respectively, as described previously (Meiler and Baker 2006; Gregory et al.
2013). In the case of docking VUI1S8310, the ligand was placed into the protein center and
in proximity to residues with pronounced ACS values. A total of 2000 docking models of
VUI1S8310 in complex with mTSPOROSetaCM and 7;TSPONMR-0Pt wyere constructed using
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maximal translational and rotational sampling magnitudes of 5A and 360°, respectively.
mTSPO-ligand models were ranked based on their Rosetta-predicted binding energy using
terms for van der Waals attractive and repulsive forces, electrostatic interactions, hydrogen
bonding, solvation, and likelihood of particular side-chain conformations. The top-scoring
docked models were visually inspected for the nature of protein—ligand interactions using
PyMol (Schrodinger 2015), and for the agreement with NMR ACS data.

MTSPO reconstituted in DPC micelles has an NMR spectrum typical for a partially
unfolded state

mTSPO was recombinantly expressed and purified using DPC detergent micelles as the
membrane mimetic, the same system that was used to determine the /7T SPONMR strycture.
The purity of mTSPO was > 95% according to SDS-PAGE analysis (Figure S2A). The NMR
spectrum of apo-7TSPO in DPC micelles showed very low peak dispersion similarly to
what has been reported before (Jaremko et al. 2014) (Fig. 3, top left panel). The spectral
dispersion is rather low for a helical membrane protein. For example, there are no backbone
amide peaks that exhibit 1H chemical shifts higher than 8.8 ppm. The suggests that apo-
mTSPO adopts only a partially folded state in DPC detergent micelles at 42 °C.

PK11195 binding affinity to mTSPO is weaker in micelles compared to membrane
preparations monitored by NMR spectroscopy

mTSPO was titrated with PK11195 under the conditions reported in the original NMR study
to probe the effect of detergent on the binding affinity. Once saturation with PK11195 was
reached, we were able to transfer the assignment for the majority of peaks in the 1H-15N
TROSY-HSQC spectrum using the chemical shift assignment of PK11195-bound 7 TSPO
(BMRB ID: 19608) (Fig. 3, Figure S5). It is striking that ligand binding dramatically
enhances the dispersion of the NMR spectrum of TSPO (Fig. 3), strongly suggesting that the
ligand-free protein is partially unfolded, but that ligand binding is coupled to the
stabilization of the fully folded protein conformation.

The spectral changes observed during ligand titration were typical for a slow-exchange
process on the NMR timescale. Peaks characteristic for the apo-mTSPO spectrum
diminished with increasing ligand concentration while peaks associated with the PK11195-
bound state surfaced in the HSQC spectrum (Fig. 3). The changes in peak intensity with
increasing concentration of PK11195 showed a single transition as a response of ligand
binding (red curves in Fig. 2). The lower limit of the apparent binding constant ( Kapp)
determined from the NMR ligand titration binding curve was 5.7 x 103 (ligand-detergent
molar ratio, Fig. 2, red line), while PK11195 was previously reported to bind mTSPO with
nanomolar affinity (Lacapére and Papadopoulos 2003; Papadopoulos et al. 1994; Owen et al.
2012). A nanomolar binding affinity would be equivalent to an approximate mole fraction
concentration of ~ 1077 (calculated assuming a ligand to lipid/detergent ratio of 1 to 100). A
theoretical NMR titration binding curve assuming such high nanomolar affinity and a 1:1
binding stoichiometry is plotted in Fig. 2. The resulting titration curve accounts for excess
protein concentration (i.e. free ligand does not equal total ligand concentration) and
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compared to the experimental NMR titration curve, is right shifted. The relatively high
apparent K 4 for PK11195, reflective of weak binding to 77TSPO under NMR conditions
relative to bilayer conditions (TSPO in proteoliposomes and human platelets at lower
temperatures) is likely an attribute to the experimental temperature and the destabilizing
effects of the DPC detergent micelles.

Intrinsic tryptophan fluorescence reveals the effects of detergent and temperature on the
PK11195 binding affinity to mTSPO

To determine the effect of detergent concentration, detergent type and temperature on the
binding affinity of PK11195 to 7TSPO, an intrinsic tryptophan fluorescence quenching
assay was used to complement the NMR binding studies. The ligand-induced quenching of
intrinsic tryptophan fluorescence was used to monitor ligand binding (Fig. 2). Different
concentrations of DPC were tested for the mTSPO-DPC detergent micelle system at room
temperature to compare against the NMR mTSPO solution structure determined at 42 °C.
mTSPO reconstituted in DDM detergent micelles (mTSPO-DDM) was also included to
determine the effect of detergent type on the PK11195 binding affinity. For both detergent
conditions, the fluorescence quenching was biphasic with a transition at low and high ligand
concentration (Fig. 2 and Figure S3). Without prior assumption of possible non-specific
binding, the data was fit to a 2:1 model for binding. For all samples of mTSPO-DPC at 42

°C, the high-affinity apparent binding constant for Trl (K, ) was around ~ 10~6 mol

fraction units and was independent of the DPC concentration (Figure S3A). The low-affinity
apparent binding constant for Tr2 (KZ;,%) was determined to be 5.4-1073 mol fraction at 0.4%

DPC, 6.8-:1073 mol fraction at 0.2% DPC and 12.0-10~3 mol fraction at 0.1% DPC. This
concentration phase in the fluorescence titration experiments correlated with the binding
transition observed under NMR conditions (Fig. 2). Additionally, we plotted theoretical
titration curves for the fluorescence quenching experiments. For comparison, mTSPO in a
DPC detergent system showed a shifted binding equilibrium in contrast to a theoretical
binding curve assuming nanomolar affinity of PK11195 to /mTSPO. Thus, fluorescence-
monitored titrations confirm the binding event observed by NMR, but also suggest some
additional, high affinity, binding process to the 77T SPO-micelle complex.

To assess temperature effects on the Trl and Tr2 transitions, we performed the same set of
fluorescence experiments at room temperature for mTSPO in DPC micelles and in DDM
micelles (Fig. 2 and S3). At room temperature, the KZIZI% value (i.e. low-affinity apparent
binding constant) of mTSPO in DPC micelles appeared to increase (i.e. weaker affinity)
slightly by half an order of magnitude relative to the binding affinity at 42 °C (Fig. 2, Table
S1). The KZ;} value (i.e. high-affinity apparent binding constant) displayed a decrease (i.e.
higher affinity) at room temperature under the conditions of 0.1% DPC and 0.2% DPC, but

was not significantly changed at 0.4% DPC. For mTSPO in DDM micelles at 42 °C, the
KZ;,% value showed a two order of magnitude increase (i.e. weaker affinity) relative to all
DPC conditions (Table S1, Figure S3), whereas the change in the high-affinity binding

transition phase KZI,’,‘, was negligible. Taken together, our data show that PK11195 binding to
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mTSPO is dependent both on temperature (specifically transition Tr1) and on the detergent
system (most notably for transition Tr2).

Structural templates of mammalian TSPO in biologically relevant conformations are

lacking

The available structural models of TSPOs obtained by NMR and X-ray crystallography have
several limitations (Fig. 1): The mTSPONMR strycture was determined under detergent
conditions at high temperature where the energy landscape is substantially perturbed.
Additionally, some features of the NMR structure conflict with conformations observed in
sequence-conserved regions of bcTSPOX-Ra&Y and rsTSPOX-RaY, specifically in helix I11. At
the same time, these bacterial homologs, although determined in a more native-like lipidic
cubic phase environment, have low homology to mTSPO; the sequence identity is only 25%
(bcTSPOX"Y) and 30% (rsTSPOX"). This low homology prevents b¢TSPOX-R&Y and
rsTSPOX-R&Y from being directly used to model structural interactions of small molecule
probes, imaging agents or therapeutics to mammalian TSPO. Although, 5¢TSPOX® was
co-crystallized with the same PK11195 ligand as mTSPONMR ess than 40% of the
sequence-aligned residues in the binding pocket are identical, leading to changes in the
ligand binding mode (compare with Figure S1).

An integrated comparative model of mTSPO is physically realistic and reconciles
conflicting features from bcTSPOX-R&Y rsTSPOX-RaY, and mTSPONMR

Homology modeling and geometry optimization for all TSPO structural models was carried
out in RosettaMembrane. This relaxed the detergent-determined mTSPO structure towards a
conformation adjusted to a membrane bilayer and generated a unified model of #TSPO by
comparative modeling from the mouse and bacterial homologs. In order for the modeling to
capture the physical and chemical characteristics of the membrane environment, yet being
computationally efficient for many of Rosetta’s Monte Carlo protocols, RosettaMembrane
(Lazaridis 2003; Yarov-Yarovoy et al. 2006) introduces an implicit model of the membrane
bilayer model with a layered structure. In the high-resolution mode, the membrane bilayer is
modeled as fixed size slab with a hydrophobic core of 18 A and transition region of 6 A on
either side (Barth et al. 2007). The RosettaMembrane score function combines physical and
knowledge-based score terms that evaluate a given protein conformation (e.g. Lennard-Jones
potential, electrical potential, Ramachandran potential) with a membrane-specific solvation
term, a membrane-depth dependent environment term and a correction term for the strength
of hydrogen bonds in the membrane. The solvation term is calculated with the IMM1
model(Lazaridis 2003) which is an extension of the EEF1 model (Lazaridis and Karplus
1999) for soluble proteins and very efficient to compute, even more than other implicit
solvent models (e.g. generalized Born) usually applied in MD simulations. In the IMM1
model, the solvation free energy is modeled via Gaussian exclusion due to surrounding
atoms.

To assess how well-suited the available structures as templates of mammalian TSPO are and
to combine their structural features, we decided to construct homology models of 7TSPO,
termed mTSPOROSENaCM yysing either single templates (bcTSPOXRaY or rsTSPOX-RaY) or
multiple templates (bcTSPOXR&Y  rsTSPOX-RaY and mTSPONMR) which were hybridized
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with RosettaCM. Homology modeling used the multiple sequence alignment shown in Fig.
1B to infer the mTSPO structure from template coordinates. We also performed energy
optimization on the mTSPONMR structure with the RosettaMembrane score function to
computationally evaluate its energy landscape. The mTSPOROSe®aCM model produced by
multiple template homology modeling had the lowest energy amongst other strategies after
one round of RosettaCM and three rounds of energy optimization with Rosetta FastRelax
(Fig. 4). The mTSPONMR-0pt stryctural model had a higher energy compared to any of the
single and multiple template homology models. The average Rosetta energy of models
obtained from the different sampling strategies decreased in the following order:
mTSPONMR-0pt models > single template /77T SPOROSEaCM models > multiple template
mTSPOROosetaCM models (Fig. 4B). This result suggests that the NMR structure when
inserted into a bilayer model of the biological membrane is in a high energy state, i.e. a
physically unrealistic state with many local unfavorable interactions. Similarly, the bacterial
templates failed to guide sampling towards low-energy conformations of 77TSPO indicating
their limited utility for homology modeling. However, when structural features from all three
templates were combined using RosettaCM, the energy of mTSPO was seen to be
optimized. The mTSPOROsetaCM mode| obtained from multiple template modeling was
considered the final 7TSPOROse!taCM mode| and used for further analysis. It shares the same
global fold with the experimentally determined TSPO structures (Fig. 4C) and has a similar
backbone conformation: mTSPONMR (Ca-RMSD = 4.1A), bTSPOX-RYY (Ca-RMSD =
3.3A), 7/sTSPOXRY (Ca-RMSD = 3.5A).

The mTSPORosettaCM madel combines features of experimentally determined structures
and agrees with experimental NMR data

The mTSPOROseMaCM model is energetically favored over the mTSPONMR strycture in an
implicit bilayer membrane. Globally, the model resembled the conformations observed in
the bacterial proteins more closely. Hence, we wondered if this model is still generally
consistent with the restraints obtained by NMR spectroscopy, keeping in mind that the NMR
restraints were derived on the thermodynamically destabilized micelle conformation of
mTSPO whereas the homology model was constructed in an implicit model membrane. Our
expectations were that the overall protein fold as well as secondary structure are conserved
between mTSPO in a micelle and in a membrane. On the other hand, we expected slightly
larger deviations in the tertiary structure due to changes in the rotation and packing of TM
helix segments.

As sensitive probes of protein secondary structure we calculated 13Ca and 13CB chemical
shifts from our /mTSPOROsEMaCM model and optimized mTSPONMR-0pt model using
SPARTA + (Shen and Bax 2010), and compared those to the experimental chemical shifts of
mTSPO retrieved from the BMRB deposition 19608 (see Fig. 5). Both models agree well
with the experimental chemical shift data indicating that many local structural features are
consistent between both models and with the mTSPONMR structure. Note that chemical
shifts were not used as restraints in the RosettaCM calculation, but only employed in the
form of backbone segments with defined ¢/ angles taken from the mTSPONMR template.
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As a measure of global protein structure similarity, we calculated NOE distance deviations
of our mTSPOROseMaCM ang 7, TSPONMR-0Pt models to the experimentally determined long-
range (|i—j| = 4 residues) NOE restraints (see Figs. 6 and S4A) (Jaremko et al. 2014). Figure
5A displays the per-residue distance deviations mapped onto the /7T SPOROSetaCM gng
mTSPONMR-0pt models. The energy-minimized mTSPONMR-0pt model showed very small
deviations, below 1A for all residues except for W53, Y62, Q104. The /mTSPQRosettaCM
model differed more strongly from the experimental NOE data: 16 residues had an average
distance deviation of more than 2A. Those residues are located in helices 111, IV, and V
which adopt alternative backbone and side chain conformations in our /7 TSPQRosettaCM
model. Helix 111 is a continuous a.-helix and three turns longer than in the 77TSPONMR
structure where it is partially unstructured. Helix IV undergoes a one-residue phase shift
compared to mTSPONMR which accounts for the increased distance deviations, and leads to
a change in the ligand binding pocket configuration (see below). The majority of residues
with NOE deviations are located in the upper part of the protein close to the PK11195
binding site, while other parts of /7TSPOROsetaCM agree well with the majority of long-
range NOE restraints. We interpret this finding as consistent with our experimental
observations: even with ligand saturation the structure of 77TSPO is somewhat distorted in
micelles. Moreover, the PK11195 binding pocket only fully forms at ligand concentrations
sufficiently high to induce protein folding. The induced tertiary structure in this region is the
most stable conformation in micelles but deviates from the low-energy conformation in a
membrane bilayer.

The ligand binding pocket of mTSPOROsettaCM gshares similarity to that of the bacterial

homologs

The ligand binding pocket of the mTSPOROse®aCM model s displayed in Fig. 6B and is
compared to that one of mTSPONMR in Fig. 6C and to 6¢TSPOX"® in Fig. 6D. The
mTSPOROosetaCM [igand binding pocket has lower structural similarity to 77TSPONMR than it
has to bcTSPOX"3 where sequence-conserved residues are also spatially aligned. For
example, in addition to residues W53 and W143 (W51 and W138 in 6¢TSPO) on helix 11
and V, two other conserved residues, N92 and A108 (N87 and A103 in cTSPO), occupy
identical positions in 77TSPOROSe!taCM and HcTSPOXTaY and are facing the same side on
helix 111 and IV. In contrast, those residues are rotated out of the binding pocket in
mTSPONMR dye to differences in helix conformation and phase. Another bulky residue,
W93, is solvent-exposed in mTSPOROSaCM hyt nointing towards the protein core in
mTSPONMR which alters the chemical nature of its ligand binding pocket.

The Pro—Pro motif conformation in the TM region is reasonable based on database values

There are three Pro—Pro motifs in /7TSPO, at positions Pro*4—Pro%>, Pro%-Pro%” and
Pro131-pro132, which border TM regions 11, 111 and IV. The Pro%—Pro% site is sequence-
conserved between mammalian and bacterial TSPOs while the other two sites are not
(compare with Fig. 1B). In the mTSPONMR strycture, the Pro%-Pro%7 site is part of a region
in helix 111 that lacks regular secondary structure whereas in the 77TSPOROSE!taCM mode]
these two proline residues adopt a slightly perturbed but still helical conformation. To test
whether this distorted helix is indeed a likely conformation for a Pro—Pro motif in a
membrane protein, we compared its ¢/ angles to a Ramachandran diagram obtained for all
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Pro—Pro motifs in the TM regions of membrane proteins with known structure (Figure S4B).
The ¢/ angles of residues Pro% and P ro%7 for both mTSPOROsEttaCM model and
mTSPONMR-0pt fe|| into allowed regions of the Ramachandran diagram, supportive of the
accuracy of the structural models.

Computational ligand docking into TSPO recaptures the ligand interactions observed in
bcTSPO crystal structure

We employed computational ligand docking with Rosettal igand (Meiler and Baker 2006) to
interrogate the ligand-binding conformation of our structural models. Docking of PK11195
to the energy-minimized bcTSPOXay-0Pt strycture yielded a low energy model similar to
the ligand binding pose observed in the crystal structure (Figure S6A and S7A + B).
Docking of PK11195 into the binding pocket of mTSPONMR-0Pt fajled to converge to the
published NMR observed ligand pose (Figure S6B and S7C + D). It is possible that
geometry optimization of mTSPONMR-0ptjn the Rosetta implicit bilayer model reshaped the
configuration of the ligand binding pocket to favor a different binding mode than the one
observed by NMR in micelles. Docking of PK11195 into the mTSPOROsetaCM mode|
(Figures S6C and S7E) converged to a low-energy ligand conformation that was however,
different from both of the bcTSPOX " and mTSPONMR structures. It is likely that structure
hybridization during RosettaCM caused rearrangements in the protein backbone and side-
chains around the ligand binding pocket that can explain the deviation in the PK11195
binding mode compared to the two experimental structures. However, the same bulky
residues W53 and W95 (W51 and F90 in 6¢cTSPO) were still engaged in binding of the
methylisoquinoline and chlorophenyl rings of PK11195 as in mTSPONMR and HcTSPOX-1ay,
In summary, ligand docking recaptured the PK11195 binding mode for 6¢TSPO, but yielded
a binding mode for mTSPO that was different from the experimentally observed bound
conformation. We attribute this finding to changes in the ligand binding pocket configuration
upon relaxation of the mTSPONMR strycture in the Rosetta membrane model. Additionally,
variation in the ligand bound conformation may reflect the lack of polar residues in the
mTSPO binding pocket such that few specific directional contacts become possible, but
most of the ligand binding energy stems from non-directional van-der-Waals interactions
(e.g. with W53 and W95).

VUIIS8310 interaction with mTSPO interrogated by NMR and computational ligand docking

We studied the interaction of mTSPO with the small PET ligand VUI1S8310 by measuring
ligand-induced chemical shift changes (ACS) in the 2D H-15N TROSY-HSQC NMR
spectrum. Because the apo-mTSPO state in DPC micelles is partially unfolded, this
complicates distinguishing peak changes due to a direct protein-ligand contact from those
that are caused by induced protein folding. We therefore decided to modify the previously
described titration experiment. The 1H-1°N TROSY-HSQC spectrum of mTSPO in the
presence of saturating concentrations of VUI1S8310 was compared to the spectrum of
mTSPO in the presence of excess PK11195. Based on this comparison, the approximate
location of the VUIIS8310 binding site can still be deduced (see schema in Fig. 7A). For
residues belonging to either the VUIIS8310 or PK11195 binding sites, we expected to find
the most pronounced ACS values. For residues that are part of both the VUI1S8310 and
PK11195 binding site ACS values can be reduced if the two ligands interact with 77TSPO in
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a similar manner giving rise to a similar chemical environment. Residues with unaltered
chemical shifts will most likely not be part of either binding pocket. Using the measured
ACS values between the VUIIS8310- and PK11195-bound spectrum of mTSPO and the
information about where PK11195 binds, we were able to narrow down the location of the
VUIIS8310 binding site.

The TH-15N TROSY-HSQC spectra of 7TSPO in the presence of VUIIS8310 and PK11195
are shown in Figure S6, and the ACS values are mapped onto the /7T SPOROSEMaCM mode] in
Fig. 7B. ACSs clustered in two areas: one cluster is located in the upper half of mTSPO and
coincides with the PK11195 binding site whereas the second cluster is located in the center
of the protein and was interpreted as the VUIIS8310 binding pocket. Computational docking
models of VUI1S8310 with 77TSPOROsetaCM ang ;TSPONMR-0pt agreed qualitatively with
the ACS data and are shown in Fig. 7B and S6E. VUIIS8310 penetrates deep into /mTSPO;
the approximate distance between the VUI1S8310 and PK11195 center-of-mass is 3A.
VUIIS8310 engages in rt-m stacking interactions between its elongated conjugated ring
system and residues W53 and W96 on mTSPO (see right panel in Fig. 7B and S7F), and
makes several hydrophobic contacts with A22, 189, L112, Y140, L144 and Al147.

Discussion

Current micelle preparations of mTSPO display reduced ligand affinity, likely through a
thermodynamic destabilization of the protein

mTSPO solubilized in detergent micelles displays a starkly reduced binding affinity to
PK11195 that contrasts the previously reported high nanomolar affinity of reconstituted
TSPO in lipid bilayers (Lacapere et al. 2001). Differences in ligand binding affinity have
been reported by other authors, too (Lacapére and Papadopoulos 2003; Papadopoulos et al.
1994; Owen et al. 2012). Based on our fluorescence and NMR results, we hypothesize an
initial interaction of PK11195 to a partially folded state of the mTSPO-micelle complex and
a subsequent slow folding of the protein. The first transition phase (Trl) observed in the
fluorescence ligand titration experiment is sensitive to temperature and detergent conditions,
and could represent nonspecific interactions of PK11195 with the detergent micelle. It is
possible that this first transition phase represents PK11195 bhinding to the micelle triggering
a structural change in mTSPO that alters protein fluorescence. The second transition phase
(Tr2) in the fluorescence binding curve coincides with the transition observed in the NMR
titration experiment (i.e. happens at the same concentration of PK11195) and likely
represents folding of 77TSPO upon ligand binding as revealed by NMR. In the absence of
PK11195, the NMR spectrum of apo-mTSPO in DPC micelles at 42 °C clearly indicates
lack of a compact three-dimensional structure. Increasing concentrations of PK11195 induce
folding of mTSPO into a more compact conformation that can be followed by the
appearance of new peaks in the NMR spectrum revealing a slow exchange process on the
NMR timescale. Ligand-induced changes in the secondary structure of mTSPO were also
detected by CD (Murail et al. 2008) and IF (Lacapere et al. 2014) spectroscopy. The ligand-
stabilized mTSPO structure may still bear structural frustrations from its biologically
relevant conformation due to the altered and thermodynamically destabilizing energy
landscape in the micelle environment.
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In a recent solid-state NMR study of mTSPO reconstituted in DMPC bicelles (Jaipuria et al.
2017) it became also necessary to stabilize the protein by adding a high-affinity ligand
(DAA1106) because apo-mTSPO is flexible and lacks a compact tertiary structure, even in
bicelles. This suggests that even in membrane bilayers mTSPO exists in a dynamic, partially
folded but ligand-binding state. It is likely that specific lipids or environmental conditions
contribute to the stability and function of TSPO in the mitochondrial membrane, which has
an asymmetric lipid composition and where TSPO is found in complex with VDAC, ANT,
and possibly other proteins in the mitochondrial permeability transition pore (McEnery et al.
1992; Veenman and Gavish 2012). Such interactions seem likely to contribute to stability of
mammalian TSPO.

These types of membrane protein distortions, especially in the TM helix regions, by non-
native mimetics like detergent micelles is well documented (Cross et al. 2011, 2013; Zhou
and Cross 2013). There are three main sources of possible distortions for a multispan helical
membrane protein. First, the hydrophobic span of protein-empty micelle is typically smaller
than the hydrophobic diameter of a real membrane, leading to possible hydrophobic
mismatch between the TM span of a membrane protein and the micelle. This sometimes will
destabilize the protein (particularly water-exposed ends of what would otherwise be buried
TM helices) and/or promote its formation of oligomers or aggregates, which both seem to be
a serious problem for TSPO. The micelle interior is also much more hydrated than the
interior of bilayers, which can destabilize otherwise very stable TM helices, as well as any
intramembrane tertiary interactions that involve electrostatic or H-bonding interactions,
which could be the case for TSPO. Finally, the geometry of detergents in micelles is
different than for lipids in a bilayer, the latter of which are uniformly aligned along the
bilayer normal, where they exert lateral pressure on transmembrane helices, which also align
with the bilayer normal. This potential is not present in micelles, which means that the
orientation of TM helices may sometimes be distorted, as seems likely to be the case for the
published mTSPO NMR structure. In micelles, there is also a tendency for TM helices to
bow towards the always-near quasi-spherical micelle surface. Some distortion of these
classes may pertain to TSPO in this study. However, the fact that in our study TSPO can
bind cognate ligands with high affinity suggests that micelle-induced distortions are modest.
It should be kept in mind that while micelles can distort membrane protein structures, the
native conformational folding stability of membrane proteins can force distortion of micelles
in such a way that, the micelle structure adapts to the membrane protein’s native structure.

An integrated mTSPORosettaCM mqdel provides a physically realistic working mTSPO
model that is consistent with all available experimental data

While the available TSPO structures are considered low-energy states under their specific
experimental conditions, care must be taken when interpreting their biological function since
structural characteristics may be the consequence of the micelle environment. Herein we
employed RosettaCM homology modeling to develop a model of 7TSPO in the bilayer
membrane. RosettaCM leverages known structural features of the mTSPONMR structure and
homologous bacterial proteins (6¢cTSPO and rsTSPO) and allows efficient exploration of the
conformational space around those templates guided by the Rosetta energy function.
Unlikely conformations with high energy are rejected. The resulting 77TSPOROSettaCM mode|
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reconciles the structural features of mTSPONMR and bacterial TSPOs, while being
consistent with the experimental NMR data collected on m7TSPO in micelles.

We also employed computational docking to assess the models’ potential usage for future
structure-based therapeutic design. The mTSPOROse!taCM mode| was able to produce
meaningful binding poses for the PET tracer molecule VUIIS8310, which agrees with our
ACS data. Benzodiazepines and imaging agents are known to bind to the inner core of
mTSPO (Jaremko et al. 2014; Tang et al. 2016) and often interact with all five TM helices.
We found that VUIIS8310 occupies a site that partially overlaps with the position of
PK11195 but penetrates deeper into TSPO to maximize the overlap between its conjugated
ring system and the indole side-chain of W53. Additional contacts are made with
hydrophobic residues A22, L89, L112, Y140, L144 and A147. The A147 position is a well-
known site of TSPO and the A147T variant is implicated in 76971 polymorphism (Kreisl et
al. 2013).

In addition, we found that re-docking of PK11195 into structures of 5#cTSPOX and
mTSPONMR after energy minimization in the Rosetta implicit membrane model
recapitulates ligand binding mode observe by crystallography for 5cTSPOX-® but fails to
converge to the NMR-determined ligand binding mode for 77TSPONMR W attribute this to
remaining micelle-induced energetic frustrations in the mTSPONMR structure that cannot be
remodeled by simple energy minimization. This is a significant limitation associated with
mTSPONMR for structure-based drug discovery.

The ligand binding mechanism and its effect on TSPO function requires rigorous

validation

The functional role of TSPO in biological processes is still not fully understood, particularly
in light of the recent paradigm shift of TSPO’s involvement in cholesterol biosynthesis
pathways. While this ancient protein has been proposed to be involved in alternative
biological processes such as heme and porphyrin transport (Taketani et al. 1995; Verma et al.
1987) and oxidative stress sensing (Ginter et al. 2013), TSPO’s function remains poorly
understood. Despite the controversies regarding its biological function, mammalian TSPO is
an attractive target for imaging molecules and possibly cancer therapeutics. We think that
mTSPORosetaCM pravides a useful working model for future development of potent
mammalian TSPO ligands.

The information that residue A147 is part of the VUI1S8310 binding site of TSPO is an
important piece of information for determining the molecular mechanism of 756971
polymorphism and assessing ligand potency (Owen et al. 2012; Kreisl et al. 2013). In
individuals who are homozygote carriers of the A147T variant, TSPO has low binding
affinity for radioligands, meaning that carriers of this mutant may be unresponsive to drugs
that target TSPO for diagnostic or therapeutic purposes. Using the mTSPO homology model
and computational ligand docking, however, allows rapid and systematic testing of ligand
binding affinity and their molecular mechanism(s) of binding.

It remains unclear, which role ligand binding and accompanying protein stabilization play
for TSPQO’s biological activity. It has been demonstrated that ligand-bound mTSPO retains

J Biomol NMR. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiaetal. Page 18

its cholesterol binding ability and exists in a dynamic monomer—dimer equilibrium in lipid
membranes (Jaipuria et al. 2017). Future experimental studies are required to illuminate the
mechanistic interplay of small molecule ligand binding and TSPO’s interaction with
cholesterol and proteins of the mitochondrial permeability transition pore.

Conclusions

In conclusion, we show by our NMR and fluorescence experiments that the structure of
mTSPO in DPC micelles is destabilized, but can be induced to fold via titration with ligands
such as PK11195. However, even then the folded structure is different from the native
(bilayer conditions) structure. Our homology model of 77TSPO in an implicit membrane
bilayer model reconciles conflicting features between the structures of mTSPO and bacterial
TSPOs. It provides the starting point for structural studies of human TSPO and serves as a
tool for the structure-based design of new TSPO ligands as cancer imaging probes. Using
computational docking and chemical shift perturbations, we have also proposed a model for
the interaction of mTSPO with the novel PET imaging ligand VUIIS8310.
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mTSPO - DPC micelles bcTSPO & rsTSPO - low sequence homology
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Fig. 1.

Available TSPO structures have limitations as templates for human TSPO. A The structure
of mouse TSPO (mTSPO) was determined by NMR in DPC micelles and conflicts with
structural features seen in the crystal structures of TSPO from Rhodobacter sphaeroides
(rsTSPO) and Bacillus cereus (bcTSPO), especially in helix I11 (colored blue). B Multiple
sequence alignment of mammalian and bacterial TSPOs [generated with Clustal Omega
(Larkin et al. 2007)]. Identical and similar residues are colored blue and gray, respectively.
The sequence identity of 7sTSPO and 6¢cTSPO to ATSPO is as low as 30% and 25%,
respectively
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Fig. 2.

Characterization of PK11195 binding to mTSPO under different detergent and temperature
conditions by intrinsic tryptophan fluorescence. The x-axis is plotted as log of the ligand-
detergent molar ratio and the y-axis is plotted as percent maximal change to allow for direct
comparison between datasets from different techniques. The NMR titration curve for
PK11195 performed at 42 °C in the presence of 2% w/v DPC is plotted in all panels for
comparison against fluorescence data. The theoretical titration curve of the reported binding
affinity in the literature for binding of PK11195 to mTSPO is also plotted for both
fluorescence (solid line) and NMR (dashed line). A Fluorescence quenching of mTSPO by
PK11195 in 0.1% (w/v) DPC at 42 °C. B Fluorescence quenching of mTSPO by PK11195
in 0.1% (w/v) DPC at 25 °C. C Fluorescence quenching of mTSPO by PK11195 in 0.1%
(w/v) DDM at 42 °C. D Fluorescence quenching of mTSPO by PK11195 in 0.1% (w/v)
DDM at 25 °C. The average and standard deviations are represented as points and bars,
respectively, and reflect at least three independent experiments
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Fig. 3.

PK11195 binding to mTSPO reconstituted in DPC detergent micelles followed by NMR.
Series of 1H-1°N TROSY-HSQC NMR spectra of apo-TSPO in the absence of PK11195
(black) and with increasing concentrations of PK11195. An enlarged view of the tryptophan
sidechain region is shown in the upper left corner to signify peak changes upon the addition
of ligand. The assignment of selected NMR peaks that appear upon addition of PK11195 is
shown in the lower spectrum corresponding to a PK11195 concentration of 3.2 mM
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Fig. 4.

Rgsetta homology modeling of mTSPO improves model energy over available structural
templates. A Rosetta energy vs. Ca-RMSD plot for energy-minimized mTSPONMR-0pt gng
mTSPOROsetaCM madels created with different sampling strategies. The RMSD was
calculated relative to the final lowest-energy mTSPOROSetaCM mode| after one round of
RosettaCM and three rounds of energy minimization with FastRelax (Conway et al. 2014).
The colors refer to the following sampling strategies: optimization of 77TSPONMR with
Rosetta FastRelax (yellow), RosettaCM based on bcTSPOX-R&Y (orange), RosettaCM based
on rsTSPOX-R&Y (green), RosettaCM based on 6¢TSPOX®, rsTSPOX"® and mTSPONMR
(gray); additional energy minimization of single and multiple template /77TSPQRosettaCM
models with FastRelax (red), three rounds of FastRelax on multiple template
mTSPORosetaCM models (blue). B Box plot of the Rosetta energy of the top 20 models
produced by each sampling strategy. The color scheme follows that of panel A. The relaxed
mTSPORosetaCM model has improved energy over other Rosetta models. ¢ Cartoon
representation of experimental TSPO structures and the /7T SPOR0setaCM model. The
flexible tail region (/mTSPO residues 160-169, rsTSPO residues 151-157) is omitted for
clarity. The N- and C-terminus and TM helix regions are labeled. The Ca-RMSD of
mTSPORosetaCM re|ative to the experimental templates was calculated after sequence-
independent structural alignment with DALI (Holm and Rosenstrém 2010): 4.1A
(mTSPONMRY 3 3A (HcTSPOX-R&Y) and 3.5A (rsTSPOX-Ray)
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Back-calculated chemical shift of the /77T SPOR0setaCM model correlates with observed
chemical shift from NMR data. A Back-calculated chemical shifts for 13Ca. (top) and 13Cp
(bottom) from experimental 77TSPONMR-0Pt stryctures correlates with the observed NMR
data. B Back-calculated chemical shift for 13Ca (top) and 13Cp (bottom) from
mTSPOROosetaCM model correlates with the observed NMR data. R? values were calculated
and noted in each case. Error bars represent the predicted shift error
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The mTSPONMR-0pt model and /77T SPOROSEMaCM mode| generally agree with experimentally
measured long-range NOEs (Jaremko et al. 2014), but differ in ligand binding pocket
configuration. A Per residue distance deviation between experimental NOE restraints and
model-measured distances. Left: mTSPONMR-0t Right: 7TSPOROSEMaCM  The magnitude
of the deviation is represented by the width of the ribbon diagram and color coded (blue: <
0.5A, white: 2.0A, red: > 4.0A). Panels B-D display the ligand binding pockets of B
mTSPORosetaCM ' ¢ i TSPONMR and D pcTSPOX ', Binding site residues are depicted as
sticks and labeled by their one-letter amino acid code and residue number
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Fig. 7.
Mapping of VUIIS8310 and PK11195 binding sites onto 7TSPO identified by chemical

shift perturbations. A Schematic representations of the PK11195- (left, red circle) and
VUIIS8310-induced (middle, blue circle) chemical shift perturbations on 7TSPO. When the
NMR spectra of TSPO complexed with these two ligands are compared, the largest ACS are
observed in regions that are exclusive to either PK11195 or VUIIS8310, whereas residues
that fall in both binding sites (magenta) typically exhibit only reduced perturbations. B
VUIIS8310-induced ACS values mapped onto the 77TSPOROSE!aCM mode| (Black: no ACS;
Gray: ACS < 0.1 ppm or unassigned peak; Pink: 0.5 ppm > ACS > 0.1 ppm; Red: ACS > 0.5
ppm). Left: PK11195 docked to mTSPOROsettaCM model. Middle: VUI1S8310 docked to
mTSPORosetaCM model. VVUI1S8310 binds deeper in the mTSPO binding pocket compared
to PK11195. Right: enlarged representation of the VUIIS8310 binding site, with mTSPO
side chains and the VUI1S8310 molecule depicted as sticks
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