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Materials and Methods

NMR spectroscopy

mTSPO was expressed in E. coli in M9 minimal medium and reconstituted into 2 %
(m/v) DPC micelles according to published protocols (/1, 17, 27). NMR measurements
were carried out on 900 and 800 MHz NMR spectrometers at 42 °C for 0.5-0.9 mM
protein solution in 10 mM sodium phosphate buffer, pH 6.0, in the presence of
approximately 2% (m/v) DPC and 2.9 mM (R)-PK11195. Spectra were processed with
the software TopSpin (Bruker) and analyzed using CARA (29). A total of 98% of all
backbone resonances were assigned with the help of TROSY-based 3D HNCO, HNCA,
HN(CO)CA, HNCACB, and HN(CA)CB experiments (30-33), which were recorded on
*H,"C,""N-labeled mTSPO-(R)-PK11195. Backbone resonance assignments were further
supported by NH-NH i + 1, 2, 3 connectivities observed in a 3D "*N-edited NOESY-
HSQC spectrum (NOE mixing time of 200 ms) (34, 35). To resolve any remaining
assignment ambiguities, complex samples with selected °C,"’N-labeled amino acids
were prepared: 'H,°N,"*C-labeled for Ile, Lys, Gly, Pro ([U-2H; U-'H, 15N,13C-IKPG]-
mTSPO) as well as Trp, Arg ([U-"H; U-'H, "°N,"* C-WR]-mTSPO) with all other residues
perdeuterated and natural abundance of carbon and nitrogen isotopes. For the selectively
labeled samples, 2D 'H-"C HSQC, 2D 'H-"’N HSQC, 2D TROSY-based HNCA and
HNCO ('H-'""N planes) spectra, as well as 3D *C-edited NOESY-HSQC (mixing time of
200 ms) and "°*N-edited NOESY-HSQC (mixing time of 200 ms) spectra were recorded.
All fourteen Pro residues were in #rans conformation on the basis of experimental Cg and
C, chemical shifts according to PROMEGA (36).

Stereo-specific assignment of 6,/3, and y,/y> methyl groups of valines and leucines,
as well as distinction of 8,/y, methyls in isoleucines was achieved by analysis of 2D 'H-
BC HSQC, 3D N-resolved NOESY and 3D "*C-resolved NOESY spectra recorded on a
sample of [U-*H,"’N; I*//LV""*5-*CH3]-mTSPO in complex with PK11195. NOE cross

peaks between CH3 methyl groups and NH amides of the same spin system, which

were observed in a 3D *C-edited NOESY-HSQC spectrum (200 ms mixing time) in
H,0, enabled the connection of the HN backbone resonances with their side chain methyl
protons in all valine, isoleucine, and leucine residues.

The assignment of aliphatic side chain resonances was obtained using 3D (H)CCH-
TOCSY, 3D H(C)CH-TOCSY (mixing times of 10 and 16 ms, respectively) (37) and 3D
BC-edited NOESY-HSQC (200 ms mixing time) spectra recorded on B3¢,PN-labeled
mTSPO-(R)-PK 11195 complex in D,0, as well as a 3D *N-edited NOESY-HSQC
spectrum (170 ms mixing time) measured in H,O. Completion of the assignment of the
side chain resonances of leucines and phenylalanines was possible using [U-"H; U-
'H,""N-LF]-mTSPO-PK 11195 with selectively labeled leucines and phenylalanines,
while [U-2H; U-IH,ISN,13C-WR]-mTSPO-PK1 1195 was used for the side chain
resonance assignment of tryptophan and arginine residues. For both samples, 2D 'H-">C
HSQC and aromatic as well as aliphatic 3D "*C-resolved NOESY spectra (200 ms NOE
mixing time) were recorded. To further reduce signal overlap in 2D "H-"C HSQC and
3D "C-edited NOESY-HSQC spectra and validate the aliphatic and aromatic side chain
resonance assignments, a sample was prepared for which [2-">C]-glucose containing
medium was used as carbon source (38). All experiments together allowed assignment of
more than 95% of lH, 13C, and "°N backbone and side chain resonances.




The "H resonances of the E- and Z-amide rotamer of (R)-PK 11195 were assigned for
the free ligand in 60 mM DPC-dsg using 2D 'H-"H NOESY spectra (NOE mixing times
of 100 and 300 ms) recorded at 42 °C. The chemical shifts of the protein-bound ligand
together with 61 protein-ligand NOE contacts were then assigned by comparison to the
chemical shifts of free (R)-PK 11195 in DPC and analysis of NOE strips in 3D °C- and
"N-edited NOESY, 3D F1-"°C, " N-filtered/edited-NOESY-'H-">C-HSQC, and 3D F1-
B¢, N-filtered/edited-NOESY-'H-""N-HSQC spectra recorded on the TSPO-PK 11195
complex (39). In the complex, PK11195 adopts the E-rotamer. Fixing the PK11195
amide to the Z-rotamer (¢; = 180.0 + 10.0°) resulted in violation of inter proton distances.

Structure determination

The overall topology of TSPO was determined on the basis of 305 manually assigned
medium-range NH-NH contacts in the five transmembrane helices, 185 intramolecular
long-range NOE contacts, which were observed between well-separated side chain
methyl proton resonances and the tryptophane imidazole groups in 3D "*C- and '°N-
edited NOESY-HSQC spectra (mixing times of 100 ms), as well as 61 ligand-to-protein
contacts detected in 3D F1-"°C,""N-filtered/edited-NOESY-'H-">C-HSQC and 3D F1-
B¢, PN-filtered/edited-NOESY-'H-""N-HSQC experiments (both 100 ms NOE mixing
time). NOE cross peak intensities were calibrated and divided into four distance classes,
as very weak 1.8-6.0 A, weak 1.8-5.5 A, medium 1.8-4.5 A and strong 1.8-3.5 A. The
manually assigned medium- and long-range distance restraints were subsequently used
together with a full set of cross-peaks from 3D "’N- and "*C-edited NOESY spectra
(mixing times of 100 ms) for automatic NOE assignment and structure calculation in
CYANA 3.0 (40). The structure calculation was supplemented by dihedral angle
restraints predicted from experimental chemical shifts using TALOS+ (41), as well as
170 hydrogen bond restraints for 85 NH---O=C hydrogen bonds in the transmembrane
helices based on experimental hydrogen/deuterium exchange profiles and supported by
characteristic NOE contacts. Structure refinement was carried using a simulated
annealing protocol implemented in XPLOR-NIH 2.33 (42).

Backbone dynamics

Picosecond-to-nanosecond motions of the TSPO backbone in complex with PK11195
were analyzed on the basis of "H-""N steady-state NOEs (43) observed at 42 °C in U-
[ISN,13 C]-mTSPO-PK11195 in 2% DPC-dsg, 10 mM sodium phosphate buffer, 90/10%
H,0/D,0. In addition, RCI-S” order parameters were predicted from backbone chemical
shifts observed at 42 °C (44).
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Fig. S1.

Ligand-induced stabilization of the mTSPO structure. Comparison of 2D 'H-"N
HSQC spectra of mTSPO reconstituted into DPC micelles in the absence (A) and
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Fig. S2

2D planes and representative slices of 3D BC- and "N-edited NOESY-HSQC
spectra recorded on the mTSPO-PK11195 complex. The 2D "H-X HSQC (X = "°C or
15N) planes and the corresponding 2D 'H-'"H NOESY slices (taken at the position
indicated by the gray dotted line on the plane) from (A) the 3D ""N-edited NOESY-
HSQC (NOE mixing time of 100 ms) and (B) the 3D "*C-edited NOESY-HSQC of the
aliphatic region (NOE mixing time of 100 ms) are shown.
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Fig. S3

Sequence-specific backbone assignment and NOE patterns. (A) Strips from a 3D "°N-
edited NOESY-HSQC (NOE mixing time of 200 ms; U-[*H,'°N]-mTSPO-PK 11195)
highlighting the assignment of the TM1 region (S16-F25) of TSPO. In addition, long-
range contacts between TM1 (L17-F20) and TM3 (side chain Hel of W93; underlined)
are visible. (B) NOE contacts defining the secondary structure of mTSPO in complex
with PK11195.
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Statistics of NOE restraints. (A) Number of NOE-derived restraints used in the
structure determination of the mTSPO-PK 11195 complex as a function of the sequence
separation of the involved protons. (B) Number of short-, medium- and long-range NOE-
derived restraints as a function of residue number. The number of TSPO-to-PK11195
contacts is shown as black bar. (C) Network of long-range intraprotein NOEs (grey lines)
mapped onto the 3D structure of the mTSPO-PK 11195 complex.
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Fig. S5

Backbone dynamics of mTSPO in complex with PK11195. 'H-"N steady-state NOEs
(black bars) were acquired with a recycle delay of d; = 10 s on a 700 MHz spectrometer.
Error bars were calculated according to ANOE; = [NOE;|- [1/(S/NNOEZ~)2 + 1/(S/Nn0NOE,-)2]1/ 2,
with NOE; = Inogi/Inonok: » S/N the signal-to-noise ratio, and Ixogi and Iyonori the peak
heights with and without presaturation, respectively. Only NOE values of residues with
well-separated cross peaks and with ANOE/|NOE*100% < 25% are shown. Residue-
specific RCI-S* order parameters, which were calculated from backbone chemical shifts,
are shown as open circles.
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Fig. S6

Distribution of charged residues in the mTSPO-PK11195 structure. (A) Backbone
trace with positively charged side chains shown in blue (R+K) and negatively charged
ones in red (D+E). Dashed horizontal lines indicate the approximate membrane
boundaries. Net charges are calculated within the dotted rectangles for the complex part
pointing towards the cytosol (blue), inside the membrane (red), and towards the IMS
(light gray). (B) Van der Waals surface of the mTSPO-PK 11195 complex colored
according to the electrostatic surface potential. The electrostatic surface potential was
calculated using APBS(435). Positive and negative charges are shown in blue and red,
respectively. The dotted cyan circle marks the location of the negative side chain of
DI111. (C) IMS and cytosolic views of the positive and negative patches in the mTSPO-
PK11195 structure.



Fig. S7

CLUSTAL W (1.83) multiple sequence alignment

gi|163838662|ref|NP_033905.3|  MPESW PAY LTEVP MGAYFVRGEGL 31
gi|410965761|ref|XP_003989410.1]| MAPPW. PAV- FTEVP-SEGEFLGSYYVRGEGL 31
gi|6690723|gb|AAF24291.1] MNMDW- - -~ ILFL TFLAAC-! TTGALLK---PD 28
gi|294676238|ref|YP_003576853.1] MSLTL VYFUAC- TGAIFS---PG 26
9i|5911820|emb|CAB55884.1| MA] THAP- FVGSRFVHGEGL 31
9i|6978575 | ref|NP_036647.1| MSQSW PA LTEVP- MGAYFVRGEGL 31
gi|296486947 |tpg|DAA29060.1] MA] TELP-SEGEFLGAC 31
gi|54400566|ref[NP_001006032.1] M- PML LTALP- IFGGIITRREVK 28
gi|16226870|gb|AAL16286.1|AF428356_1 MDSQD DDNKGKR-D( KSL v LFAT-YFLGTSD 72
gi|347834285|emb|CAA22182.2] MDLNY---—-| VFTS. ISKNWW- S| PVAGGHFIGNSYK---PR 36
gi|321312631|ref|YP_004204918.1| MKK- IFG-AIAVFVETY-ARFESAAG-YLFPVDQ 29
gi|11499070|ref|NP_070304.1] MNIL] THAV-LATEFAGSFFTAQSVQ 29
gi|77459036|ref|YP_348542.1]| MV’ IFLEIAC-GAARTTGMVFQ---PG 24
9i|7296190|gb|AAF51482.1] MADRPCAGNIERIA P-] TYNGRLTROHLQ 36
9i]167656983|gb|EDS01113.1| MQUVI--——-} GRKGHT— ===~ TIVKYVVKRLSNAKGDNMK- - -~RNNKWL-DLVLYISA-EfT ~LLAGSFN 61
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gi|11499070|ref|NP_070304.1]
gi|77459036|ref|YP_348542.1|
gi|7296190|gb|AAF51482.1]
9i|167656983|gb|EDS01113.1|
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9i[5911820|emb|CAB55884.1]
9i]6978575 | ref|NP_036647.1|
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gi|54400566|ref|NP_001006032.1|
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Sequence conservation of TSPO. (left) Mapping of evolutionary conserved residues
onto the 3D structure of the mTSPO-PK 11195 complex. The level of sequence
conservation decreases with a color gradient from red to green. (right) Sequence
alignment of TSPO from different organisms: Mus musculus (NP_033905.3), Felis catus
(XP_003989410.1), Rhodobacter sphaeroides (AAF24291.1), Rhodobacter capsulatus
SB 1003 (YP_003576853.1), Homo sapiens (CAB55884.1), Rattus norvegicus
(NP_036647.1), Bos taurus (DAA29060.1), Danio rerio (NP_001006032.1), Arabidopsis
thaliana (AAL16286.1), Schizosaccharomyces pombe (CAA22182.2), Bacillus subtilis
BSn5 (YP_004204918.1), Archaeoglobus fulgidus DSM 4304 (NP_070304.1),
Pseudethanolomonas fluorescens P10-1 (YP_348542.1), Drosophila melanogaster
(AAF51482.1), Eubacterium siraeum DSM 15702 (EDSO1113.1).
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Fig. S8

Paramagnetic relaxation enhancement of mTSPO by spin-labeled detergent. (A)
Primary sequence of mTSPO with residues having a relaxation enhancement of & > 20 5™
mM' shown in bold. Relaxation enhancement rates were determined from 2D 'H-""N
HSQC spectra by titration of the mTSPO-PK11195 complex with increasing
concentrations of /6-Doxyl-stearic acid (2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-
3-oxazolidinyloxy, free radical; Aldrich). (B) The same residues that are bold in (a) are
mapped in magenta onto the mTSPO-PK 11195 complex structure and their side chains
are shown with sticks. Residues with € <20 s mM™" are shown using a green van der
Waals surface. PK11195 atoms are represented by dark green spheres. Four different
orientations rotated by 90° are shown. (C) Relative intensities of the N/NH correlation
cross peaks observed in 2D "H-""N HSQC spectra in the presence of 0.5 mM (brown), 2.5
mM (red), 3.5 mM (orange), 4.5 mM (light orange), 5.5 mM (yellow), 6.5 mM (cyan),
and 8.5 mM (blue) /6-Doxyl-stearic acid. The locations of the five TM helices are shown
in green. Residues with & > 20 s mM™ — that are located exclusively in the center of the
TM helices — are represented in magenta.
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Fig. S9

Hydrogen/deuterium exchange of mTSPO-PK11195. The residues of the mTSPO-
PK 11195 complex, for which cross-peaks were observed in 2D "H-'"N HSQC spectra
after 8 h (A) and 28 h (B) of exchange in D,O, are bold in the primary sequence and
mapped in white onto the 3D structure. The rest of the complex structure is colored
according to the color scheme on the left. Four different orientations of the mTSPO-

PK 11195 structure are shown. Dotted lines indicate the approximate membrane
boundaries.
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Table S1.

NMR constraints and structural statistics for the ensemble of 20 lowest-energy structures
of the mTSPO-PK 11195 complex.

NMR distance & dihedral constraints

NOE distance constraints®

Total NOE 3362
intraresidual (|i-j| = 0) 878
sequential (|i-j| = 1) 797
medium-range (1 <|i-j| <5) 996
long-range (|i-j| > 5) 630
protein to ligand 61

NOE restraints/residue 19.9

Hydrogen bonds restraints 170

Torsion angle constraints
backbone (¢/y) 138/137

Structure Statistics

Mean r.m.s.d. from exp. restraints (£ s.d.)”

NOE (&)

0.0017 £ 0.0002

dihedral angles (deg)

0.4341 +0.0548

Deviations from idealized geometry

Bond lengths (A) - 107 2.531£0.049

Bond angles (deg) 0.498 +0.004

Impropers (deg) 0.303 £ 0.007
r.m.s.d. to the first structure

backbone atoms (5-28...47-159) (A) 0.58+0.10

heavy atoms (5-28...47-159) (A) 1.15+0.15
Ramachandran plot (5-28...47-159)

most favored region 91.9%

additionally allowed region 7.8%

generously allowed region 0.3%

a) 20 lowest-energy structures out of 105 submitted to structure calculation.
b) None of the structures exhibited distance violations greater than 0.5 A or dihedral

angle violations > 5°.
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