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Highlights
e Inlipids, mTSPO has several coexisting conformations in.the absence of the
ligand

e Lipids and mTSPO spectra reveal flexible fragments even at low temperature

e Partial assignment of residue types of apomTSPO was obtained in lipids

e Apo mTSPO shows partial structural identities with atomic solution NMR
structure
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Abbreviations:

1D one-dimension;

2D two-dimension;

3D three-dimension;

CC carbon-carbon;

NC nitrogen-carbon;

NMR Nuclear Magnetic Resonance;

sSNMR solid-state NMR;

MAS Magic-Angle Spinning;

DARR Dipolar-Assisted Rotational Resonance;

PDSD Proton-Driven Spin Diffusion;

INEPT Insensitive Nuclei Enhancement by Polarization Transfer;
INADEQUATE Incredible Natural Abundance DoublE QUANtum Transfer Experiment;
CP Cross Polarisation;

DQ - SQ Double Quantum Single Quantum;

SPC5 Supercycled Permutationally offset-Compensated C5;
HSQC Heteronuclear Single Quantum Coherence;

TSPO TranSlocator PrOtein;

MTSPO mouse TSPO;

BcTSPO Bacillus cereus TSPO,;

RsTSPO Rhodobacter sphaeroides TSPO;

PK 11195 N-butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-carboxamide;
DMPC Dimyristoil phosphatidyl choline;

DMPE Dimyristoyl phosphoethanolamine;

TM Transmembrane;

WT Wild Type;

Abstract

In the last decades, ligand binding to human TSPO has been largely used in clinical
neuroimaging, but little is known about the interaction mechanism. Protein conformational
mobility plays a key role in the ligand recognition and both, ligand-free and ligand-bound
structures, are mandatory for characterizing the molecular binding mechanism. In the
absence of crystals for mammalian TSPO, we have exploited solid-state nuclear magnetic
resonance (SSNMR) spectroscopy under magic-angle spinning (MAS) to study the apo
form of recombinant mouse TSPO (mTSPO) reconstituted in lipids. This environment has
been previously described to permit binding of its high-affinity drug ligand PK11195 and
appears therefore favourable for the study of molecular dynamics. We have optimized the
physical conditions to get the best resolution for MAS ssNMR spectra of the ligand-free
mTSPO. We have compared and combined various sSNMR spectra to get dynamical
information either for the lipids or for the mTSPO. Partial assignment of residue types
suggests few agreements with the published solution NMR assignment of the PK11195-
bound mTSPO in DPC detergent. Moreover, we were able to observe some lateral chains
of aromatic residues that were not assigned in solution. **C double-quantum NMR
spectroscopy shows remarkable dynamics for ligand-free mTSPO in lipids which may have
significant implications on the recognition of the ligand and/or other protein partners.



1. Introduction

Membrane proteins are medically relevant entities and their structure determination
is therefore essential for the understanding of the mechanisms of action and the design of
inhibitors or biomarkers. Significant technological and sample preparation advances have
been made over the years but their structure determination within their native or semi-
native environment [1] remains challenging by X-ray crystallography [2], cryo-electron
microscopy [3] and solution NMR [4]. The field of membrane proteins within lipid bilayers
by solid-state nuclear magnetic resonance (SSNMR) has also seen a continuous and
important progress during the last decades with various biologically and medically relevant
systems investigated: ABC transporter BmrA [5,6], B-barrel AIkL [7], BamC lipoprotein
[8], envelope protein E of the SARS-CoC-2 [9], human VDAC [10] to give just few
examples. The access to magnetic fields as high as 1.2 GHz and ultra-fast (above 100 kHz)
spinning CPMAS probes fostered even more the investigation.of ‘such challenging
biological systems [11,12]. Most of membrane protein structures determined by NMR were
for systems in detergent and only few in membrane lipids [13-16]. The structures of more
than 1400 membrane proteins have been registered to date [17] and it is expected that the
combined use of the techniques mentioned previously together with mass spectrometry,
small-angle neutron diffraction, molecular dynamics simulations [18] would contribute to
a better understanding of their function and mechanisms of such challenging biological
molecules which are the membrane proteins.

TSPO is an 18 kDa membrane proteinchighly conserved from bacteria to mammals
[19]. Atomic structures of mouse TSPO (MTSPO) has been obtained by solution NMR in
detergent after stabilization by the presence of a high affinity drug ligand, the PK11195
[20]. In the absence of the ligand, the protein is highly flexible and presents several
coexisting conformations [21] that prevent structure determination. When reincorporated
in liposomes, the mTSPO exhibits high affinities for its ligands like PK11195 and
cholesterol [22], and .SSNMR studies have shown that cholesterol mediates allosteric
regulations of the ligand bound protein [23]. In 2021, Riviére et al. explored by ssSNMR the
impact of three different lipid composition on the structure of mTSPO embedded into lipid
bilayers in the presence and in the absence of the ligand and further confirmed how
cholesterol can affect the tertiary and quaternary mTSPO structure [24]. Despite these
efforts, detailed high-resolution atomic data of mTSPO in its native-lipid environment
without ligand, thatwould permit to directly characterize the structural changes mediated
by ligand binding that are linked to TSPO functional properties, are still missing. It has to
be mentioned that bacterial TSPO structures obtained by X-ray crystallography both in the
absence (apo form) and in the presence (holo form) of ligands do not provide any
information on the functional properties of the TSPO protein since the atomic structures
do not reveal great changes between the ligand-free and ligand-bound structures [25,26].
As previously discussed, given the lack of changes between the X-ray structures of the apo
and holo forms of TSPO, only dynamics aspects could explain how the ligand enters the
binding cavity [27]. Indeed, this might be due to the fact that crystals formation captures
only a specific conformation, such as that observed in the crystal packing of the Ca ATPase
[28].

Here, we attempt to study the mTSPO in a lipid environment in the absence of the
ligand by ssNMR using proteoliposomes [22,29-32] by providing complementary



information to the work by Riviére et al. [24]. The tertiary structure determination by
ssSNMR of membrane proteins reconstituted in proteoliposomes first requires the
acquisition of several types of two-dimension (2D) and three-dimension (3D) spectra (2D
CC,NCO, NCA, CHHC, NHHC, 3D NCACX, NCOCX, CONCA) to identify spin systems
and sequential assignments. The 3D heteronuclear experiments are essential as they
remove correlation degeneracies and give intra- (NCACX) and inter-residue (NCOCX,
CONCA) correlations required for the identification of backbone and sidechain
connectivities. Generally, CC transfers rely on proton-driven spin diffusion (PDSD) or
dipolar-assisted rotational recoupling (DARR) methods [33], depending on the spinning
frequency and the magnetic field. Instead, one-bond NC transfers are often performed with
SPECIFIC-cross-polarisation (CP) recoupling techniques [34]. Spinning frequencies as
fast as 100 kHz combined with *H-direct detection methods lead to increased sensitivity
and *H linewidths which rendered these protocols applicable to some of these challenging
membrane proteins [35].

Improved sensitivity and spectral resolution can be achieved for membrane proteins
if several experimental conditions are optimized. For example, the choice of lipid-to-
protein ratio (LPR) depends on protein characteristics and can have critical consequences
on the quality of NMR spectra. An isotopically labelled membrane‘protein co-purified with
lipids (also labelled) brings strong lipid signals in the:NMR spectra. Instead, a labelled
membrane protein reconstituted in natural lipids (protecliposomes) will give smaller lipid
signals but remains nevertheless governed by the LPR used [32,36]. Once the NMR rotor
filled with proteoliposomes [30], the best physical parameters (such as temperature) and
the optimal pulse sequences for spectra recording need to be chosen in order to reach good
sensitivity and spectral resolution. Previous data on GB1 and Vpu recorded at different
temperatures have shown their importance for the optimization of NMR sensitivity [37,38].
Most of the ssNMR data acquired-on.membrane proteins in lipids are based on CP rather
than the INEPT element [39-41] since dipolar coupling transfer (through space) is
expected to be more efficient than scalar (through bond) one. Scalar-based methods such
as INEPT and notably INADEQUATE have been shown to work well for microcrystalline
super-oxide dismutase under ultrafast magic-angle spinning [42]. The efficiency of
dipolar-based transfers, such'as SPECIFIC-CP, may be affected by molecular motions on
intermediate timescale [43] and therefore lead to reduced sensitivity of sSNMR spectra
when applied-to non-crystalline samples, such as some membrane proteins and amyloid
fibrils. Among the various experiments that can probe molecular dynamics by ssSNMR, *3C
— 13C 'double-quantum spectroscopy [44] appears particularly useful for 3C-labelled
biomolecules since it benefits of the high dispersion of the *C chemical shifts but also the
increased resolution of the double-quantum (DQ) dimension. Combined with *H detection
under ultrafast MAS, the DQ 3C spectroscopy was notably successful for the sequential
assignment of HET-s(218-289) amyloid fibrils [45].

We showed previously the successful reconstitution of apo mTSPO protein into
DMPC/DMPE 9/1 liposomes with the first preliminary **C — *3C DARR and NCO, NCA
spectra [30,32]. We present herein magic-angle spinning ssSNMR studies which explore the
different transfer elements described previously on the mTSPO protein reconstituted in
liposomes. We will also overview the protocol which lead to a stable and relatively
homogenous mTSPO sample and the corresponding spectra. Chemical shift correlation
spectra at 11.7 T (500 MHz *H Larmor frequency) and 10 kHz spinning frequency have



been employed to perform a partial assignment of the different residue type regions. The
effect of temperature on 3C or N CPMAS, *C — *C DARR or *N — 13C correlation
spectra is illustrated. Moreover, *C — 3C DQ — SQ spectra have been recorded to probe
molecular motion of different regions of the protein. The obtained results could provide
possible answers to questions raised in previous works about flexible fragments of the
monomeric mTSPO and of the binding pocket [46] but also in the case of the dimer mTSPO
in the presence of cholesterol [23].

2. Material and methods

Mouse TSPO expression, purification and reconstitution in liposomes: The protocols
were described in detail elsewhere [30]. In summary, the recombinant mTSPO protein was
expressed in Escherichia coli BL21 (DE3) bacteria in lysogeny browth (LB) medium (1%
wi/v tryptone, 0.5% yeast extract, and 0.5% NaCl) and purified by. His-binding Ni-NTA
chelation resin in the presence of 1% SDS. Expression protein level was estimated based
on the absorbance measured at 280 nm wavelength (extinction coefficient 3.88 (mg/ml)
Yem? calculated from the mTSPO amino acid sequence ineluding the polyhistidine tag)
whereas the protein purity was verified by SDS-PAGE (12% acrylamide). The
reconstitution of the mTSPO in a lipid environment is performed in three steps: i)
solubilisation of the protein in the SDS detergent; ii) addition of lipids (DMPC/DMPE 9/1
w/w) to form a ternary protein-lipid-detergent complex;iii) SDS detergent removal in a
controlled way using bio-beads [22]. Proteoliposomes were thus formed in few hours.
Different reconstitutions have been performed with apo WT mTSPO at lipid-to-protein
ratios were between 1 and 3 (w/w) (i.e.;~30 to 90 molar ratio). Since at high LPR ratio a
strong 1*C lipid signal is present in the carbon spectra thus preventing a good protein signal
detection, a LPR ratio of 1.5 w/w wasused for the recording of all SSNMR spectra presented
herein. Various methods have been used to validate the correct reconstitution of mTSPO
into lipid bilayers: absorbance, intrinsic fluorescence, dynamic light scattering, cryo-
electron microscopy and ssSNMR).[22,29,30,32,47]. Cryo-electron microscopy images at
different steps of the reconstitution protocol have demonstrated the formation of
proteoliposomes without aggregates [30]. The correct reconstitution of mTSPO into
DMPC/DMPE lipid. bilayers has been previously assessed by recording the 3C — 3C
correlation spectra in the presence and in the absence of the high-affinity PK11195 ligand
[32]. The addition of the PK11195 ligand has a dramatic effect on the *3C — *3C correlation
spectrum by improved chemical shift dispersion and increased number of observed
correlations which confirms the ligand induced structure stabilisation.

NMR spectroscopy: All NMR data were recorded on a Bruker spectrometer (500 MHz *H
Larmor frequency) equipped with a 4 mm triple resonance probe head. A 10 kHz MAS rate
was used for all experiments. The sample temperature was regulated with a BCU-Xtreme
cooling unit using either 270 I/h (above 295 K) and 935 I/h (below 295 K). For CPMAS
experiments, a 2.58 ps *H 90° pulse was followed by 800 us (**C CPMAS) or 1 ms (**N
CPMAS) contact time with ramped shape pulse (ramp70100.100) on *H [48]. The recycle
delay was set to 2 s. The *H CP field strength was set to w1 = 55 kHz (**C CPMAS) or 35
kHz (**N CPMAS) and matched to the +1 Hartman-Hahn sideband condition.
Heteronuclear decoupling based on the SPINAL64 scheme [49] was active on the proton



channel during acquisition at 97 kHz field strength. *C — *3C spin diffusion assisted by
proton irradiation or 2D DARR spectra were recorded at different mixing times (10, 20,
50, 100 ms). The SPECIFIC-CP transfer between N and 3CO was performed with 30
kHz a 20% tangent ramp (**N) and 20 kHz (*3*C). 2D 3C — 3C DQ - SQ SPC5 [50]
experiments at different mixing times were recorded at a C radio frequency (rf) filed
strength of 54 kHz. Data were processed with NMRPipe [51] and visualized with the
NMRFAM-Sparky distribution [52]. FANDAS 2.0 software [53] served to create a peak
list file readable by Sparky from the published solution NMR mTSPO BMRB (ID 19608)
chemical shift assignment in DPC detergent. Assignment of the different amino acid types
was performed based on the solution published assignment and estimations made with the
PLUQ software [54] on the NMRBOX server [55]. One-dimension (1D) and two-
dimension (2D) NMR data were acquired at 261, 267, 272, 278, 283, 289,.295, 300 and
306 K. The sample temperatures were calibrated with lead nitrate, Pb(NOs3), [56]. *C and
®N chemical shifts were externally referenced using adamantane (§(**C).= 38.5 ppm for
methylene at 295 K) and glycine (§(**N) = 32 ppm at 295 K).

3. Results
3.1 Temperature effect upon 1D and 2D MAS NMR-spectra

Any NMR study of biomolecules involves suitable [**C, 1°N]-labelled material for
the protein of interest to resolve the various cross-peaks from the backbone and side-chain
nuclei of the protein in the 2D and 3D correlation spectra. One-dimension (1D) *3C
CPMAS and INEPT spectra were recorded over a wide range of temperatures (from 261
to 305 K, see Fig S1) for DMPC lipid vesicles and liposomes containing uniformly [*3C,
>N]-labelled mTSPO. Since 3C.CPMAS exploits the dipolar polarization transfer, these
spectra largely report on the rigid domains of the protein or lipids whereas through bond
13C INEPT experiments probe segments in fast motion. For lipid vesicles, we identified all
13C resonances [57] in both INEPT and CPMAS spectra above 15 °C (Fig S1). **C INEPT
spectra show the disappearance of the signals in agreement with lipids immobilization at
low temperature (Fig 1a) except for y-CHjs of choline (Fig 1e for DMPC chemical structure
with nomenclature) whose intensity only decreases with temperature. For the **C CPMAS
spectra, different behaviours are visible depending on the type of carbons (Fig 1b). The
intensities of glycerol (G1, G2, G3) and choline a-CH> carbons decrease with temperature
whereas CHz of aliphatic chains increases due to lipid immobilization which leads to more
efficient dipolar transfer. Instead, the spectra of proteoliposomes containing mTSPO show
lipid resonances with an intensity which is, as expected, attenuated by the protein presence.
The INEPT spectra display extra patterns coming from the protein in the region from 40 to
60 ppm (Fig 1c) whereas the profile of $3C resonances in the 20 to 30 ppm region,
corresponding to the overlay of lipid and protein resonances, changes from sharp peaks
(lipids) to a massive (protein). This suggests that lipids surrounding the protein are less
mobile in the presence of the protein compared to the lipids alone. Indeed, most of the
narrow carbon resonances disappear except for y-CHz choline and CHz of aliphatic chain
whose intensity only decreases. As expected, we observe an improved sensitivity of the
13C CPMAS spectra at low temperature (see CO region Fig 1d left) at the expense of the
resolution (see aliphatic region Fig 1d right). The change in the chemical shift of 4-11 peak
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as a function of temperature is consistent with the previously described gel to liquid phase
transition of the DMPC lipids [58]. Therefore, the liposomes preserve the role of lipid
phases. Moreover, the reduction of the of mTSPO and lipids intensity in *C CPMAS as a
function of increasing temperature is associated to an increased overall mobility. Indeed,
above the lipid-phase transition temperature membrane proteins reconstituted in
proteoliposomes undergo rapid lateral and rotational diffusion about the bilayer normal
[59,60].
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Figure 1: 1D 3C INEPT (a, c¢) and CPMAS (b, d) spectra of lipid vesicles (a, b) and mTSPO1 in
proteoliposomes (c, d) at two temperatures (272 and 306 K). (e) Chemical structure of DMPC with
nomenclature and **C chemical shifts at 306 K for some carbon resonances highlighted on the spectra.

5N CPMAS spectra (Fig 2) of the mTSPO protein were also recorded at 267 and
306 K sample temperature [39,61]. Cooling the sample temperature below the lipids gel to
liquid-crystal phase transition leads to an increased sensitivity of the >N CPMAS spectrum
due to an improved *H - N dipolar cross-polarization transfer. However, owing to the low



sensitivity of the >N CPMAS spectra, the characteristic Lys and Arg side chain nitrogens,
as well as the Pro nitrogen [61] are not clearly visible within the temperature range explored.

His Pro NH Arg Arg Lys
N3, Ne NH backbone Ne Nn Ne

306 K

267 K

-—————
200 150 100 50 [ppm]

3N
Figure 2: 1D N CPMAS spectra of mTSPO at 267 and 306 K sample temperature. The expected regions
(based on BMRB data) of NH Pro, Ne and N Arg, Ne Lys are highlighted in grey.

In complement to 1D spectra, tow-dimension (2D) *3C - 3C DARR and N - 13C
NCO spectra were recorded at 267 and 306 K (Fig 3). We choose DARR because it
performs better polarization transfer than PDSD notably at high spinning frequency and
magnetic fields [62]. DARR scheme relies on the *H low power rf irradiation fulfilling a
rotary-resonance recoupling condition (here the *H rf power equals the spinning frequency)
and has originally been developed for effective band-selective recoupling between
carbonyl/aromatic carbons and aliphatic carbons [33]. Fig 3 shows that the polarization
transfer is, as expected, more efficient at low temperature, and allows the observation of
more cross-peaks for various individual atom pairs. In particular, we clearly detect new
cross-peaks correlations in the aromatic and serine regions (Fig 3a, boxed highlighted in
blue and green, respectively). 1D traces extracted from the aromatic (Fig 3c) and the
ensemble of Caserine (Fig 3d) regions illustrate this transfer improvement. Fig 3e and 3f
displays the effect of the temperature on NCO spectra. Lowering the temperature increases
the transfer between N and C since more peaks are observed. However, the crowded
spectrum and the poor resolution avoid an easy assignment. The limited resolution arises
from the loss of signal in the indirect dimension, due to a fast nitrogen signal decay, which
reduces the transfer from nitrogens to carbons. Some N — 3C cross-peaks observed at
306 K are not present at 267 K. The temperature variation induces changes in the local
atomic environment owing to the protein alone or its interaction with lipids but, since the
13C and ®N nuclei are less sensitive to temperature variations than the H, the
disappearance of the peaks should have a different origin. Bauer et al. [63] have shown by
analysing the 3C — *C DREAM spectra of the amyloid form of HET-s(218-289) that the
solvent-exposed residues suffer most from the temperature-dependent broadening and can
disappear completely from the spectrum.
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3.2 Assignment attempt of the residue type of apo TSPO

Like in solution NMR, a prerequisite for sequence-specific resonance assignment
by solid-state NMR is the recording of multiple intra- and inter-residue connectivities
which can be obtained using 2D and 3D correlation spectra. Transmembrane proteins, like
TSPO, comprise structural elements like a-helices which lead to little dispersion for the
13C and N resonances hence rendering the specific chemical shift assignment challenging.
The task is even more laborious for samples with structural heterogeneity which impairs
high resolution.

With N CPMAS signal optimized at low temperature for the recording of 2D NCA
and NCO spectra, we further attempted to acquire 3D spectra. 3D NCOCX experiments
have initially been attempted at 306 K without being able to record an exploitable spectrum
due to the fast N decay in the nitrogen dimension. A NCOCX spectrum was recorded at
267 K (see Fig S2 for the NCO plane projection of the 3D NCOCX) but only few cross
peaks have been observed in agreement with the 2D NCO spectra that showed reduced
transfer from N to CO which further limits the transfer to the 3" dimension via the DARR
transfer element. We also endeavoured another strategy (CXCON and CXCAN) starting
on carbons, followed by DARR CC mixing with a final transfer from carbons (CO or CA)
next to nitrogen by SPECIFIC CP but this failed.

Owing to all these experimental difficulties”which have prevented us to get
exploitable 3D °N - 3C - 3C MAS correlation spectra essential for the sequential
attribution, we have attempted another attribution strategy based on the use of DARR [37],
DQ - SQ [44,50] and PLUQ (PACSY/lite Unified Query) [54] to predict amino-acid type
regions (Fig 4). PLUQ and previously published solution NMR assignment of
mTSPO/PK11195 in detergent have also been exploited to assign the different regions in
the DARR spectra. DARR at various mixing times (10, 50 and 100 ms, see Fig 4a-d) were
exploited to identify amino-acid specific signals. The amino acids Asp, Asn, GIn, Lys and
Ile (Fig S3) have less than five oceurrences in the mTSPO protein including the His-tag.
Glu, His, Met Phe, Thr and Tyr have between 5 and 10 occurrences whereas Ala, Arg, Gly,
Leu, Pro, Ser, Trp and*Val have more than 10 occurrences (Fig S3). Cys is not present in
the mTSPO sequence. At 10 ms mixing time, we have expected to observe only cross-
peaks from one-bond and two-bond correlations. However, at 267 K sample temperature,
DARR spectrum shows cross-peaks coming from polarization transfers up to the Ce for
some side chains and aromatic residues, including CZ for Tyr (Fig 4a). As mentioned
previously for GB1 [37], fluctuations in peak intensity as a function of side-chain topology
are observed notably for Thr Ca - CB (Fig 4b) for which the intensity is much weaker than
that of other Ca - Cj cross-peaks region. Val Ca - CB (Fig 4b) correlations instead seem
to be less affected. The observation of cross-peaks coming from more than two-step dipolar
transfers and side-chain dependent peak-intensity variation renders difficult the residue
type identification in crowded regions. Good agreement with published chemical shifts in
detergent is observed for Ala and Arg resonances (Fig 4b, Fig S4). Most of the observed
Ala Ca - Cp cross-peaks correspond to an a-helix structure. Indeed, if we display the Ala
residues on the mTSPO/PK11195 structure (PDB ID 2MGY), except Alal02 located in the
loop between TM3 & TM4 and Alal68 in the flexible N-terminus, all other Ala residues
are in a-helices (3in TM1, 2 in TM2, 3 in TM3, 5 in TM4 and 4 in TM5). The overlay of
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temperature, 2s repetition time, 256 (DARR 10 ms mixing) or 512 transients (DARR 50 and 100 ms mixing
or DQ - SQ) and 10 kHz frequency rate.

the assignment of mTSPO/PK11195 complex in DPC micelles [20] on the spectrum of
mTSPO in proteoliposomes shows partial agreements (Fig S4) indicating that the PK11195
ligand considerably influences the structuration of the protein. In addition, it is also
expected that the previously published assignment of mTSPO/PK11195 complex cannot
be directly transposed to solid-state data owing to differences in environment (detergent
micelles for solution NMR versus lipids for sSNMR). However, based on representative
strip plots for a series of sequential amino acids of the membrane-embedded
mTSPO/DAA1106 complex, Jaipuria et al. [23] showed a correspondence between some
resonances of the mTSPO/PK11195 complex in micelles and the mTSPO/DAA1106
system embedded into the membrane. This suggests that ligand binding constraints the
mTSPO structure more strongly than lipid environment does.

2D BC - 13C DQ — SQ spectra are obtained, as the name indicates, by combining a
DQ 13C spectrum, generated by the dedicated SPC5 scheme, in the indirect dimension with
a SQ 3C spectrum in the direct detection dimension. Fig 4d-shows the corresponding
spectrum recorded on apo mTSPO in lipids. If the SQ:dimension is characterized by
coherences evolving at the chemical shift of each individual nucleus, the DQ dimension
instead corresponds to coherences that evolve at the sum of the chemical shifts of two 3C
nuclei. SPC5 polarization transfer efficiency is not considerably influenced by the chemical
shift differences as in DARR but the intensity of the correlations can be affected by
molecular dynamics. Double-quantum *3C ssNMR spectroscopy is particularly insightful
for probing molecular motion in biomolecules as previously shown on microcrystalline
ubiquitin [44]. For uniformly *3C-labelled biomolecules, the polarization transfer in the
DQ-recoupling scheme is largely dominated by the strongest (i.e., single-bond) dipolar
couplings [64] and can therefore provide information about molecular dynamics. For short
mixing times, within 0.25 to 0.5 ms, only cross-peaks arising from one-bond transfers are
expected. Indeed, we /were not able to identify for mTSPO correlations corresponding to
two-bond transfers within the aliphatics and only few two-bond transfers were observed
between the carbonyls and the aliphatics. Based on the 2D *3C — *C SPC5 spectrum (Fig
4d), we were able-to identify correlations in the regions (CA, CA+CB) and (CB, CB+CA)
for the following residues: Thr (8 cross peaks out of 9 expected), Val (6 out of 12), Ala (11
out of 19), Glu (2 out of 5). Despite the rare occurrence in the mTSPO sequence of Asp
(3), Lys (2).and lle (3) amino acids, they cannot be identified in the SPC5 spectrum.
According‘to liquid NMR assignment (overlay Fig S5) of mTSPO we were able identify
V118 CA, CA+CO correlations (Fig S6).

3.3 Conformation heterogeneity and mobility

Conformational heterogeneity and mobility can be probed by DQ *3C ssNMR
spectroscopy as shown in Fig 5a on the 2D *C — 3C DQ-SQ spectra recorded on apo
mTSPO in lipids at different mixing times. Indeed, the signal intensity increases with a
mixing time from 0.25 (red) to 0.5 ms (blue) and reveals a higher mobility in particular in
the CO region. For comparison, the experiment has also been recorded on a sample of GB1
microcrystals (Fig 5b) under the same SPC5 recoupling conditions (i.e., rf irradiation
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frequency and mixing times) but at a higher temperature. The two spectra of GB1 are very
similar, contrary to the mTSPO were only few cross peaks are observed at short mixing
time (i.e 0.25 ms) and more correlations become visible by increasing the mixing time (i.e.
0.5ms). The simple evaluation of the intensity of most of the cross peaks show an increase
with the mixing time and suggests that these cross-peaks describe mobile residues [44].
Since signals’ intensity may be dominated by the CP efficiency or other contributions
independent on the DQ excitation scheme, a more accurate analysis relies on the
calculation of the cross-peak volumes at each mixing time. Fig 5¢ and d presents the
experimental build up curves for apo mTSPO in lipids and GB1 microcrystals for two
amino acid types. The availability of DQ — SQ spectra for mixing times as long as'1 ms for
GB1 microcrystals allowed us to model and therefore estimate the order parameters (Scc)
using the equation for a three spin system [44,50,64]. The data gained for GB1 allows to
identify regions with different mobility like A34 and T25 for example. In the case of
mTSPO, we gained qualitative information on the existence of mobility in particular on the
backbone since the CO region is particularly affected by the increase of mixing time.
However, we were unable to get the Scc of the different region because we lack enough
DQ — SQ spectra at mixing time above 0.5 ms under the same experimental conditions in
order to accurately model the build-up curves for the double quantum profile.

4. Discussion

While the atomic structure of monomeric mTSPO bound to the high-affinity
PK11195 ligand has been determined by solution NMR in DPC detergent micelles [20],
sSNMR studies have revealed the dynamic monomer-dimer equilibrium of mTSPO
complexed with DAA1106 ligand in DMPC lipids regulated by diamagnetic [23] or
paramagnetic [65] cholesterol, another ligand. Riviére et al. [24] studied the influence of
1,2-dinervonoyl-sn-glycero-3-phosphocholine (with an acyl chain monosaturated and
longer than DMPC).or a.mixof lipids but no resolution improvement of the
TSPO/cholesterol 3C = °C correlation spectra of the was observed for the protein
reconstituted in the new membrane mimics. Cholesterol is also a key structural element of
mitochondrial membrane and its concentration in the cell membrane varies between 30 and
50 % mole/mole of the entire lipids compounds. In liposomes, cholesterol has been
reported to improve their stability and therefore to prevent aggregation. At high
cholesterol-TSPO ratio, we may expect that cholesterol molecules will surround mTSPO
and therefore displace the equilibrium monomer-dimer. Conversely, we don’t know which
is the effect of high-affinity cholesterol binding to the CRAC motif at low cholesterol-
TSPO ratio with a 1:1 stoichiometry. The dimeric state revealed by Jaipuria et al. [23,65]
is in agreement with the different atomic structures gained by crystallography of two
bacterial (Rhodobacter sphaeroides and Bacillus cereus) TSPO in lipid-cubic phase
[25,26]. However, apo and holo forms of bacterial TSPO are very similar. This might be
linked to the experimental condition since the X-ray data were collected at cryogenic
temperatures which are suspected to favour a unique conformation and therefore hide
structural ensembles in protein crystals [66].

Temperature is a key parameter to increase sSSNMR signal by optimizing the dipolar
transfer mechanism. It’s worth noting that the regulated temperature is different from the
effective sample temperature which increases owing to the heat generated by rotation (Fig
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S7). Lower is the chosen temperature, bigger the temperature gradient between the
regulated temperature and the real sample temperature. Moreover, there is also a
temperature gradient within the rotor that affects the homogeneity within the sample. In
sSNMR studies, the slow decrease of sample temperature for systems with structural
heterogeneity or disorder leads to the freezing of the whole range of coexisting
conformations and therefore favour a considerable broadening of the resonances. However,
working at temperatures below lipid phase transition, of DMPC in our case, around 20°C,
contributes to the mTSPO signal increase (see Fig 3a, ¢, d) and therefore to the NMR
sensitivity improvement. In addition, the increase of the bound water signal [67] may also
contribute to the mTSPO signal enhancement and the efficiency of the polarization transfer
and therefore of the cross peaks like clearly visible for the aromatics and the prolines (see
Fig 3a). 'H NMR spectra at 313 and 267 K sample temperature (see Fig S8) show that the
“free” water is not frozen under the lowest temperature conditions used herein, 1.e. -6°C
whereas the “bound” water signal broadens. This in agreement with previous studies on
microcrystalline samples under very similar rotor size and spinning frequency conditions
which show the disappearance of the “free” water signal at -20°C. If the mTSPO in
reconstituted lipids has a similar binding cavity filled with water molecules as observed for
the BCTSPO crystals [25], this might contribute to the improvement of the polarization
transfer under these temperature conditions.

The resolution of the *3C — 3C and >N — 13C ssNMR spectra (Fig 3 and 4) obtained
for apo WT mTSPO in DMPC/DMPE 9/1 w/w lipesomes (LPR 1.5 w/w) suggest a
conformational-structural heterogeneity. Thefirst term is attributed to a dimer-monomer
equilibrium whereas the second describes the double orientation of the protein within the
membrane which is characteristic to the reconstitution process, i.e., with almost 50% of the
population facing the outside of the liposome and 50% the inside or different percentages
depending on the charge of the lipids; pH, etc. In the cell, this could lead to other types of
protein-protein interactions as inferred from molecular dynamics [46]. Additionally, it is
expected that the protein-protein contacts are favoured and therefore the oligomerization.
Nevertheless, the resolution of the obtained *C — 13C spectra doesn’t allow to clearly state
if the mTSPO monomer form or dimer form or a monomer-dimer equilibrium is favoured
in the absence of the ligand. Instead, the 2D NCO correlation spectra tend to suggest that
the peaks appear by pair suggesting at least two conformations, an equilibrium between the
monomer and-dimer which are expected at the 1.5 w/w LPR used, in agreement with the
results.previous results by Jaipuria et al. [23]. In the same work, for LPR < 1 w/w, the
population of the dimer was estimated at 75% whereas for 1 < LPR < 3 the monomer and
dimer forms are in equilibrium with the monomer slightly favoured (dimer ~45%,
monomer 55%). In order to compare our **C — 3C DARR spectra (100 ms) of apo WT
mTSPO at 267 and 306 K with those obtained by Riviere et al. [24] (Fig 2 and 3 in their
work) under similar temperature conditions, we present in Fig 6 the aliphatic regions of the
spectra in Fig 3a and b processed with the same apodisation function in both direct and
indirect dimension. Spectra on the right-side of Fig 6 show excerpts corresponding to the
Val(CB, CG1/CG2) region and illustrate significantly more correlations at 267 K: if we
consider only the Val(CB, CG1), 12 cross-correlation would have expected. Even at an
LPR of 1.5 w/w, the lipid chain 4-11 signal with strong wiggles (~ 32 ppm) is observed
with 20 Hz line broadening apodisation.
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dimensions. The contour level parameters were: + 65000 lowest intensity, 1.1 increment, 40 contour levels.

Compared to the detergent environment, our results suggest that the lipids
environment induces a stabilization of the apo mTSPO protein but the lipids, by themselves,
are not enough to determine the protein structure in the absence of the ligand. These results
are in agreement with 2D 3C — 3C PDSD spectra at 5°C of mTSPO in DMPC at higher
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LPR (50:1, 20:1 molar ratio) in the absence of ligand [23]. It’s worth noting that less than
50% of the backbone *H — *°N signals of the mTSPO are broad beyond detection without
lipids and in the absence of the ligand independently of the detergent used [21].
Comparison of various detergent environment has shown an important effect upon mTSPO
'H — N signals dispersion and intensities (Jaremko et al 2015). Thus, further screening of
membrane composition or mimics is definitely required to see if a suitable lipid
composition capable to stabilize a unique conformation can be identified. Lipids with
different lengths and saturation levels have revealed the conformational plasticity of
another membrane protein [36]. More generally, membrane mimetics have been shown to
be useful to improve ssNMR spectral resolution. Comparison of membrane protein
reconstituted either in synthetic lipids or in bacterial cellular envelopes shows a decrease
of resolution for the latter, which can be due to the presence of partners that very. likely
stabilizes different coexisting conformations important for the biological function [68].
TSPO functional state has been described to be linked to interaction with different partners
[69]. Thus, the optimization of protein-lipids interactions and/or the presence of functional
partner(s) might help in finding stabilizing conditions for mTSPO and in solving the
structural heterogeneity.

Residue-specific ssNMR chemical assignments /are required to characterize at
atomic level the apo mTSPO reconstituted lipid lipasomes. Further work exploiting
advanced selective isotope labelling possibly combined with a rational optimization of the
reconstitution protocol at slightly higher LPR ‘may reduce the spectral crowding and
therefore give access to high-resolution 2D and 3D ssNMR spectra. Then, conformational
mobility would be better analysed knowing the assignment, in particular for sequential
amino acids.

5. Conclusion and perspectives

We have presented herein the-optimization of experimental conditions leading to
the best currently achievable resolution of MAS ssNMR 3C — 2C and ©*N — 13C spectra of
the ligand-free WT mTSPO.in DMPC/DMPE 9/1 w/w at a LPR of 1.5. Various ssNMR
techniques have been tested and compared to probe the rigid and mobile regions of the
lipids or of the protein reconstituted in lipids. Partial assignment of residue types indicates
some agreements with the published solution NMR assignment of the PK11195-bound
mTSPQO. in DPC detergent. Overall, the different 2D and 3D experiments recorded for the
protein assignment clearly indicate that the apo mTSPO exhibits a high flexibility in a lipid
environment. **C double-quantum NMR spectroscopy further confirmed this remarkable
conformational flexibility, which may have significant implications on the recognition of
the ligand and/or other protein partners. It has to be mentioned that solution NMR
assignment of mTSPO amino acids directly involved in the PK11195 binding reveals the
implication of over more than ten residues from the five transmembrane helices [20]. This
could explain the gain of stability induced by the binding of the ligand. Moreover, the
binding site of bacterial TSPO is also able to bind a very different ligand like porphyrin
[26]. This raises the question of the biological significance of such constraints for
PK111195 binding site: does the apo form of the mTSPO need a large flexibility to bind
so different ligands, such as isoquinoline and porphyrin?
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Among the biomolecules of medical interest, membrane proteins such as GPCR
suffer from spectral crowding induced by conformational plasticity [70] that, for most of
them, limits their access for NMR investigation. High-magnetic field and MAS spinning
above 60 kHz rotation frequency demonstrated that sensitivity and H resolution can be
significantly improved, notably for microcrystalline proteins available in small amounts
[71] but also for membrane proteins [41]. Selective *C-isotope labelling schemes should
alleviate the spectral crowding induced by the high percentage of hydrophobic amino acids
present in a-helical membrane proteins and therefore, they could help the detection of
conformational plasticity of biologically systems by solid-state NMR. Cell-free expression
systems are also suited for the study of hydrophobic systems since they enable‘an. amino
acid specific labelling slightly more accessible than the use of auxotroph bacterial strains,
and partial amino acid labelling like *C-methyl [72,73]. In addition, the.introduction of
13C DQ dimension in 3D proton-detected ssNMR experiments [45] above 60 kHz could
facilitate the assignment of these challenging biological systems.. Therefore, the
combination of all these strategies with multidimensional correlation experiments at high
magnetic field, should render accessible the study of even more membrane proteins.
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