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ABSTRACT: The 18 kDa translocator protein (TSPO) has gained considerable attention as a
clinical biomarker for neuroinflammation and a potential therapeutic target. However, the
mechanisms by which TSPO associates with ligands, particularly the endogenous porphyrin
ligand protoporphyrin IX (PpIX), remain poorly understood. In this study, we employed
mutagenesis- and spectroscopy-based functional assays to investigate TSPO-mediated photo-
oxidative degradation of PpIX and identify key residues involved in the reaction. We provide
structural evidence using electron spin resonance, which sheds light on the highly conserved intracellular loop (LP1) connecting
transmembrane 1 (TM1) and TM2. Our findings show that LP1 does not act as a lid to regulate ligand binding; instead, it interacts
strongly with the TM3−TM4 linker (LP3) to stabilize the local structure of LP3. This LP1−LP3 interaction is crucial for
maintaining the binding pocket structure, which is essential for proper ligand binding. Our results also demonstrate that PpIX
accesses the pocket through the lipid bilayer without requiring conformational changes in TSPO. This study provides an improved
understanding of TSPO-mediated PpIX degradation, highlighting potential therapeutic strategies to regulate the reaction.
KEYWORDS: tryptophan-rich sensory protein, porphyrin, spin label, photo-oxidation, glioblastoma

■ INTRODUCTION
The translocator protein (TSPO), also known as the peripheral
benzodiazepine receptor (PBR) and tryptophan-rich sensory
protein (TSPO), is an evolutionarily well-conserved protein
with homologues present across organisms.1−5 TSPO is
implicated in a variety of fundamental cellular processes,
including the modulation of redox stress-related signaling,
immune response, steroid synthesis, and apoptosis.4−7 TSPO is
often found overexpressed in inflammatory and neurological
diseases (e.g., Alzheimer’s and Parkinson’s diseases) as well as
in glioblastoma, one of the most aggressive brain tumors.8−11

Thus, TSPO is not only a pharmacological target but also a
biomarker of reactive gliosis and inflammation associated with
a variety of brain injuries and tumors.12,13 There are numerous
synthetic TSPO ligands being developed and explored as
agonists and antagonists for the treatment of various diseases
including anxiety, depression, and neurodegenerative disorders.
PK11195 (isoquinoline carboxamide), for example, is a ligand
for TSPO and is often used in positron emission tomography
to visualize brain inflammation in patients with neuronal
damage.2,3,5,12 Identifying the mechanisms of how ligands/
drugs bind to TSPO and affect TSPO activity is urgently
needed in the field.14

Structures of TSPO from Bacillus cereus (Bc), Rhodobacter
sphaeroides (Rs), and mice have been determined by means of
X-ray crystallography and NMR spectroscopy techniques.1−3

Those determined structures share the common feature of
having five transmembrane (TM1-5) helical folds and a
relatively long, highly conserved loop (residues 25−43 in the
BcTSPO sequence; hereafter denoted by LP1) connecting

TM1 and TM2, with minor differences among them. Even
though the mammalian TSPOs share less than 30% identity in
protein sequence with their bacterial homologues, the
functions and structural conformations of TSPO are basically
conserved. Mammalian TSPO can replace bacterial TSPO’s
function as an oxygen sensor and be modified to bind an
aquaporin in a manner similar to a plant TSPO.15,16 Several
models of bacterial TSPO mimicking a human disease-
associated polymorphism (rs6971) have revealed important
functions of TSPO, which include the ability to bind and
cleave porphyrins, such as protoporphyrin IX (PpIX), and the
preferential engagement with steroids, providing a potential
pathogenic mechanism of TSPO polymorphism linked to
psychiatric diseases in humans.1,7,17 The binding of porphyrins
is the most widely reported function of TSPO in all organisms.
Homologues of TSPO are found in a variety of organisms
where a protein that binds porphyrins has been implicated in
the oxidative stress response.6 TSPO downregulation is
reported to enhance PpIX accumulation, which is a toxic
event, in several cell lines.1,18−21 Previous studies suggest that
TSPO may catalyze degradation of PpIX with the consumption
of reactive oxygen species, which may originate from
photoexcitation of PpIX itself or from cellular processes.18
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PpIX is a key intermediate in the heme biosynthesis pathway
and an important photosensitizer used in photodynamic
therapy for cancer treatment.22 TSPO has potential therapeutic
and pharmacological value. However, the molecular intricacies
governing the association of PpIX with TSPO, the formation of
a bound complex, and the subsequent degradation of PpIX by
TSPO have been largely unexplored.

Accordingly, the present study investigates the structural and
binding properties of the bacterial homologue BcTSPO
reconstituted in membrane scaffold protein (MSP)-based
lipid nanodiscs (see Methods for details). We evaluated the
catalytic degradation reaction of PpIX mediated by both wild-
type (WT) BcTSPO and BcTSPO variants carrying mutations
at key residues. Moreover, we perform the pulsed double

Figure 1. Fluorescence assays to evaluate the activity of TSPO. (A) Upper panel: time-dependent fluorescence spectra of PpIX incubated with
WT:TSPO-loaded nanodiscs 1:1. Lower panel: the corresponding relative fluorescence data at 633 nm. The PpIX control is a measurement on a
mixture of PpIX and empty nanodiscs. (B) Crystal structure of TSPO (PDB code 4ryq) and the mutation sites (green) studied. LP1 is yellow
colored. The inset shows the interacting residue complex (W31-L35-K98-L100) identified, in this study, as important for the LP1−LP3
stabilization. Sequences of various TSPO homologues are provided to show that the LP1 and LP3 regions are highly conserved, and the LP1
contains a signature short helix. Relative fluorescence data at 633 nm reveal the PpIX degradation activity of samples (C) W51F and W138F, (D)
34/102- and 34/151-related variants, and (E) 23/35 and 23/151 TSPO. Note that the fluorescence data indicate that W51F and W138F degrade
PpIX into different products, as detailed in Figure S1C. Except for the PpIX control, all measurements were performed with an equimolar mixture
of PpIX and TSPO.
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electron−electron resonance (DEER)23−28 technique to
measure the distances between selected spin-labeled pairs in
BcTSPO embedded in nanodiscs. Hereafter, we refer to
BcTSPO as TSPO for simplicity. We unravel the conforma-
tions of TSPO in nanodiscs, both in the presence and absence
of PpIX (i.e., holo versus apo states). Furthermore, DEER
provides new insights into the role of the highly conserved LP1
in TSPO activity. This study offers structural insights into the
binding process of PpIX to TSPO and elucidates the molecular
details concerning key residues that are instrumental in
determining the photo-oxidative degradation of PpIX.

■ RESULTS
To examine the TSPO-mediated activity in PpIX degradation,
we recorded time-course fluorescence spectra of an equimolar
mixture of PpIX and TSPO-loaded nanodiscs. A representative
fluorescence analysis of WT TSPO activity toward PpIX is
shown (WT:PpIX 1:1, Figure 1A). It shows clearly that the
ground-state peak at 633 nm of the PpIX fluorescence
decreases with time, demonstrating the degradation of PpIX
by the WT-loaded nanodiscs. In the absence of TSPO (i.e., a
mixture of PpIX and empty nanodiscs, denoted by the PpIX
control in Figure 1A), the peak at 633 nm corresponding to
PpIX is invariant during light exposure. The PpIX chemical

structure and a collection of control experiments are provided
in Supporting Information (Figure S1).
Identification of Key Residues in TSPO Embedded in the
Nanodisc Lipid Bilayer

This study performed fluorescence analysis to examine the
PpIX degradation activity of various TSPO mutants (Figure
1B). First, we conducted the measurements on the W-to-F
mutation of a conserved tryptophan for respective W51F and
W138F (both of which are conserved across all species). They
were previously identified, in a fluorescence assay with
detergent-solubilized BcTSPO, to be key tryptophan residues
in association with ligands (PK11195 and PpIX),2 but they
have not been measured in a nanodisc lipid bilayer. By
incubating TSPO-loaded nanodiscs with PpIX, we found that
TSPO-mediated PpIX degradation is clearly hampered by the
W51F mutation and is largely abolished with the other
mutation, W138F (Figures 1C and Figure S1C). Our
nanodisc-based results demonstrate that W51 and W138 are
important residues in the TSPO-mediated PpIX degradation
and, moreover, reveal that the reaction is not basically altered
between the surrounding environments (nanodisc lipids versus
DDM detergent) (Figure S2A,B). This study also determined

Figure 2. Reaction velocity and dissociation constant of TSPO toward PpIX. (A) Reaction velocity V0 of the PpIX degradation activity of TSPO
variants. (B) Representative results of the tryptophan fluorescence quenching measurements. Solid lines are fits. (C) Dissociation constant Kd of
the TSPO-PpIX complex determined in the tryptophan fluorescence quenching assay. Data of V0 and Kd are shown as the mean ± standard error
(SE).
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steady-state kinetic parameters for the PpIX degradation
activity of WT TSPO (Figure S2C,D).
Role of the Highly Conserved LP1 in PpIX Degradation
Activity of TSPO

There are several highly conserved residues in the LP1 region
(Figure 1B), but the importance of LP1 in determining PpIX
degradation has remained unclear. Next, we performed
fluorescence analysis on several cysteine variants of TSPO.
The reason that we prepared cysteine variants of TSPO is
because this study, as given in a later section, performed
cysteine mutagenesis and site-directed spin labeling to explore
the structure−function relationship. All cysteine variants of
TSPO were derived from the cysteine-free mutant (i.e.,
C107S), as the WT has only one native cysteine residue.
Notably, we found that two double-cysteine variants, 34/102
and 34/151 (Figure 1D), retain the same catalytic activity as

WT, but the activity is hampered if one additional mutation is
introduced to impede the interaction of LP1 with other
residues. With the mutation D33P, which was engineered to
hamper the helicity of the short helix (residues 30−35; Figure
1B) on LP1 and hinder the local interactions, we observed a
marked decrease in the activity of 34/102 (i.e., 34/102-D33P)
to degrade PpIX (Figure 1D). The D33P is effective in
disrupting the local environment of LP1. With the K98E
mutation, which was engineered to invert the charge, we
observed a similar marked reduction in the catalytic activity of
34/102 (i.e., 34/102-K98E in Figure 1D). These experimental
results reveal the importance of the local interactions between
the LP1 and the TM3-TM4 linker (hereafter denoted by LP3;
inset in Figure 1B). In addition, structure-based analysis using
the Arpeggio program29 indicates that there are various
interacting residue pairs (e.g., W31-L35-K98-L100, shown in
the inset of Figure 1B) between LP1 and LP3 in the crystal

Figure 3. Spin-labeling sites and distance distributions. (A) Topology cartoon of TSPO. Green circles indicate the sites mutated to cysteines to
prepare double-cysteine variants for spin-labeling study. (B) Distance distributions of double-labeled TSPO variants in nanodiscs, studied in apo
and hole states of TSPO. Gray histograms are distance distributions predicted from the crystal (PDB code 4ryq).
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structure of TSPO, providing support for our experimental
results with the D33P and K98E mutations. A detailed
discussion of the Arpeggio analysis result is provided (Figure
S3).
To further validate the finding presented above, we

conducted a fluorescence assay on another double-cysteine
variant, TSPO 23/35 (Figure 1E). Residue L35 is highly
conserved in the LP1 sequence (as shown in Figure 1B) and is
identified as a key residue in the W31-L35-K98-L100 complex
determining the LP1−LP3 interaction. Consequently, its
mutation would be expected to impede the LP1−LP3
interaction. We observed that the activity of 23/35 is
significantly hampered, while the activity of 23/151, in which
site 151 is known (as shown in Figure 1D) to cause an
insignificant change in activity, remains largely unchanged
compared to the WT. This indicates that TSPO 23/35 is
functionally affected by the L35C mutation, which disrupts the
W31-L35-K98-L100 complex and can thus be considered a
loss-of-function cysteine variant. These results clearly demon-
strate that the LP1−LP3 interaction, stabilized by the W31-
L35-K98-L100 complex, plays a role in the TSPO-mediated
PpIX degradation.

Roles of Key Residues in Ligand Binding and Degradation

Next, we explored the molecular details of how the LP1−LP3
interaction modulates the reaction. The recorded time-
dependent fluorescence data were further analyzed to
determine the respective reaction velocity (V0; see Figure
2A), as detailed in Methods. We observed that TSPO 34/102,
34/151, and 23/151 have a V0 value similar to that of WT
(approximately 17 nM/s), which is much greater than those
(approximately 5 nM/s) for W51F, 23/35, 34/102-D33P, 34/
102-K98E, 34/151-D33P, and 34/151-K98E. The V0 value of
TSPO toward PpIX was reduced further (to below 2 nM/s) if
W138F-related variants (W138F and 34/151-W138F) were
used. Clearly, a significant reduction in the reaction velocity V0
is observed only for the W138F-related variants.
Moreover, we performed a tryptophan fluorescence

quenching binding assay (Figure 2B; details given in the
Methods) to obtain the dissociation constant (Kd) of PpIX
with TSPO variants. We observed that some samples with a
low V0 (e.g., W51F, 34/151-D33P, 34/151-K98E, 34/102-
D33P, 34/102-K98E, and 23/35) have Kd values much higher
(i.e., lower affinity for PpIX) than those of WT (Figure 2C). It
indicates that the mutations of W51F, D33P, K98E, and L35C
impede the formation of the TSPO-PpIX bound form and
consequently have a reduced affinity for PpIX, leading to a

Figure 4. DEER measurements on TSPO variants with D33P, K98E, and W138F mutations. (A) Raw DEER traces of the 34-related studies.
Modulation depths (Δm) are indicated. (B) Distance distributions of the double-labeled apo and holo TSPO variants, 34/151-D33P and 34/151-
K98E. They are barely affected by the single mutation (D33P or K98E) and closely resemble the predictions based on the WT crystal. (C) Cartoon
model showing the positions of spin-labeling sites (magenta) and the mutations (green) D33P, K98E, and W138F. (D) Raw DEER traces of 34/
102 and 34/151 with the W138F mutation. (E) Distance distributions of 34/102-W138F and 34/151-W138F. Minor differences in the distance
distributions of apo and holo TSPO are observed. The DEER results closely resemble the predictions based on the WT crystal.
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slower reaction velocity. Regarding the result of D33P, K98E,
and L35C, it also supports the idea that retaining the LP1−
LP3 interaction is the key to promoting the formation of the
PpIX-TSPO complex. Generally, the higher the Kd is, the
slower the reaction is. Exceptions were observed for the
W138F-related variants in which they were low in both V0 and
Kd. It indicates that although W138F and 34/151-W138F bind
with PpIX as strongly as WT, the degradation of the bound
PpIX is hampered. It demonstrates that W138 plays a role in
the catalytic degradation of PpIX rather than in the binding of
PpIX to TSPO. Overall, our findings identify the different roles
of W51 and W138 in TSPO activity and reveal a previously
undescribed role for LP1. Specifically, we show that the

stabilization between LP1 and LP3 is important in determining
the binding of PpIX to TSPO.
Structural Differences between Apo and Holo TSPO
To explore possible structural changes between apo and holo
states of TSPO, we performed DEER measurements on various
double-labeled TSPO (Figure 3A) embedded in lipid nano-
discs, one at a time, and then analyzed the experimental DEER
data (see Figure S4A for raw DEER traces) to obtain interspin
distance distributions. The double-cysteine variants of TSPO
studied have a similar PpIX degradation activity to WT (Figure
S4B−D), suggesting that these cysteine variants are function-
ally active. In a comparison of the DEER distance distributions
of apo and holo TSPO (blue and black lines in Figure 3B), we
found mostly minor modifications of the distance distributions,

Figure 5. Predictions of the binding cavity and the verification. (A) Central cavity (green) of TSPO predicted with the CavityPlus program. The
cavity can be accessed via the opening between the cavities of TM1 and TM2. (B) PpIX is modeled into the APBS-modeled cavity, shown in a
transparent mesh. An isosurface mesh colored according to charges is drawn at 5.0 (blue) and −5.0 (red) kT/e electrostatic potentials, as
highlighted in the inset. W51 and W138 are closely associated with PpIX. The prediction is consistent with the cavity in the heme-binding RsTSPO
(Figure S6B). (C) PpIX degradation activity of TSPO at varying lipid fluidity. We measured the PpIX degradation activity of WT TSPO in various
nanodiscs composed of different lipid compositions (as indicated). (D) Positions of sites S22 and A34 in TSPO. (E) Results of the activity assay for
DDM-solubilized TSPO with and without PEG conjugation. (F) Results of the binding assay for DDM-solubilized TSPO with and without PEG
conjugation. Data are shown as the mean ± standard error. Full fluorescence spectra are given in Figure S7.
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suggesting that large conformational changes are not required
to bind PpIX ligands. Those differences between apo and holo
states are insignificant and within error bounds (Figure
S5A,B).
Next, we explored the conformational differences between

the TSPO in nanodiscs and the BcTSPO crystal (PDB ID
4ryq) grown from detergent-solubilized TSPO. Interspin
distance distributions corresponding to the crystal structure
were simulated (as illustrated by the gray histograms in Figure
3B) using the MtsslWizard computational tool.30 This program
generated potential conformations of the spin label that do not
interfere with the static crystal model of TSPO. While there are
some minor differences in the distance distributions between
the DEER and crystal studies, these discrepancies are too small
to be modeled based on the DEER distance distributions due
to the absence of suitable software. Crucially, these minor
differences are considered insignificant, as TSPO’s PpIX
degradation activity remains largely unchanged between the
nanodisc and detergent environments (Figures S2 and S4B,C).
Structural Insights into the LP1-Mediated TSPO Activity

Based on the results of functional studies of TSPO (Figures 1
and 2), we performed DEER measurements on TSPO variants
related to D33P and K98E to explore how the two mutations
impede TSPO-mediated PpIX degradation. The most note-
worthy aspect of the results is that the DEER traces of 34/102-
D33P and 34/102-K98E suffer from a lack of clear dipolar
modulation depths (Δm), which represents a substantial
reduction in the modulation depth of the DEER trace (Figure
4A). The Δm of apo 34/102 is 0.045, and it is reduced by
more than 70% with either the D33P or K98E mutation. The
reduction in Δm suggests an increase in the intermolecular
distances in 34/102. Figure S6A shows a control experiment
verifying that the Δm reduction observed is not due to a D33P-
or K98E-induced change in the labeling efficiency among
cysteine variants. For these experimental DEER traces lacking
distinct modulation depths, the standard method for DEER
data analysis fails, and the extraction of precise distance
distributions is precluded. This result provides support for the
conclusion drawn from our fluorescence data and reveals a new
finding on the 34/102. The single mutation, D33P or K98E, is
effective in disrupting the LP1−LP3 stabilization, leading to an
extended distance in 34/102.
Nevertheless, the modulation depths of 34/151-related

DEER traces remain distinct and well-defined (Figure 4A)
with either D33P or K98E. The distance distributions of 34/
151-D33P and -K98E appear to differ slightly between the apo
and holo states of TSPO (Figure 4B) and are virtually
unchanged as compared to those (Figure 3B) obtained without
the mutation. Also, they are similar to the distance
distributions predicted from the crystal (Figure 4B). It
indicates that the distances in 34/151 and respective local
structures of the 34 and 151 sites are barely affected by either
D33P or K98E. Together with the 34/102 results, it shows that
the local environment of 102 is the most affected (Figure 4C),
among the three sites (34, 102, and 151), by either of the
mutations (D33P and K98E).
Role of W138 in the Structure of TSPO

As demonstrated by the activity and binding assays (Figure 2),
we determined that W138 is involved in the catalytic
degradation of PpIX rather than in the binding of PpIX to
TSPO. To further elucidate the role of W138 in the structure
of TSPO, we performed DEER measurements on the W138F

variants (Figure 4D). The obtained DEER results for 34/102
and 34/151 with the W138F mutation closely resemble the
distance distributions predicted from the crystal structure
(Figure 4E). This suggests that the distances in 34/102 and
34/151 remain unaffected by the W138F mutation, implying
that W138F has a minimal impact on the structural
conformation of TSPO. Collectively, our findings support the
notion that W138 primarily functions in catalyzing the
degradation of PpIX and plays an insignificant role in
maintaining structural stability.
Binding Cavity of TSPO for PpIX
By utilizing the protein cavity detection and evaluation
program CavityPlus,31 we predicted that the central cavity is
the most probable binding site (with the highest values of
CavityScore, DrugScore, and Druggability) for PpIX (Figure
5A) and that the opening between TM1 and TM2 is the only
pathway for ligand access into the cavity. The proposed cavity
for PpIX is consistent with a recent crystal structure of a heme-
binding RsTSPO (Figure S6B).32 Using the APBS (Adaptive
Poisson−Boltzmann Solver) modeling program,33 we gener-
ated and visualized the electrostatic surface potentials of the
cavity (Figure 5B). As seen, both of the predicted cavities
overlap well and are suitable for binding PpIX. These
observations suggest that the access of the PpIX ligand to
the cavity occurs from the lipid bilayer.
To validate these predictions, we reduced the fluidity of the

lipid bilayer by changing the state of the lipid phase from
liquid-disordered (Ld) to gel states. At 300 K, an 80:20 molar
ratio of DPPC:DLPC is in a gel state, while the other lipid
mixtures studied are in an Ld state (Figure 5C). The TSPO
activity remains relatively unchanged with different lipid
compositions and types as long as the bilayer is in an Ld
phase. However, the TSPO activity is substantially reduced in
the gel phase, which is characterized by slower fluidity. These
results highlight the importance of lipid fluidity in determining
TSPO’s PpIX degradation activity and suggest that PpIX enters
the cavity through the opening between TM1 and TM2 in the
lipid bilayer.
To confirm the critical role of the opening between TM1

and TM2 for PpIX entry, we engineered two single-cysteine
TSPO variants (S22C and A34C; see Figure 5D) and
performed activity and binding assays on these variants, both
with and without poly(ethylene glycol) (PEG, 5 kDa)
conjugation, to block PpIX entry. Site 22 is located at the
opening, while site 34 faces the solvent side on LP1. Our
results demonstrate that the PpIX degradation activities of
S22C, A34C, and A34C-PEG are comparable to those of WT,
whereas the S22C-PEG activity is significantly hindered
(Figure 5E). Conjugating PEG at site S22 effectively blocks
PpIX entry into the cavity. The binding assay results confirm
the blocking effect of PEG at site 22, as S22C-PEG has a Kd
value approximately 10-fold higher than that of WT (Figure
5F). Our findings strongly support the view that PpIX enters
the cavity through the opening between TM1 and TM2.

■ DISCUSSION

LP1 Helps to Stabilize the Local Structure of LP3
Taken together, we hypothesize a mechanism whereby a single
mutation, either D33P or K98E, impedes the binding of PpIX
to TSPO. Our study demonstrates that LP1 of TSPO is a
critical player in stabilizing the local structure of LP3
connecting TM3 and TM4. Specifically, the D33P or K98E
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mutation disrupts the LP1−LP3 interaction, primarily the
W31-L35-K98-L100 complex, leading to a notable alteration in
the local structure of the C-terminal region of LP3, where site
102 is located, and a consequent conformational change
toward an extended structure. Notably, the disruption of the
LP1−LP3 interaction has little effect on the local structure and
the position of LP1. Our findings are supported by the analysis
of interatomic interactions (Figure S3), which indicates that
the C-terminal region of LP3 has substantially fewer
interactions with LP1 than the N-terminal region of LP3.
The LP1−LP3 stabilization is crucial for maintaining the
structural integrity of LP3 and thus for retaining the binding
pocket of TSPO. Given that LP1 is conserved across various
species, our finding suggests a new direction for TSPO
research: targeting this region with small molecules or peptides
could modulate the TSPO activity and potentially have
therapeutic effects.
PpIX Diffuses into the TSPO Cavity from the Lipid Bilayer

The absence of a reported structure of the TSPO-PpIX bound
form specifically for BcTSPO leaves a gap in the knowledge of
the binding pathway. However, this study sheds new light on
the topic. Previous crystal structures of BcTSPO and RsTSPO
indicated interacting pairs consisting of residues from LP1 and
its nearby structures, such as W30 with M97, W30 with K36,
D32 with R43, and W39 with G141 in RsTSPO.1,2 Therefore,
LP1 was previously proposed to act as a lid of the central cavity
of TSPO to regulate PpIX binding.3,4 Nevertheless, the
findings presented here do not provide support for such an
assertion. Our DEER data reveal that LP1’s position and
structure remain largely unchanged before and after PpIX
binding. Additionally, the experiments with D33P- and K98E-
related variants show that disrupting LP1−LP3 stabilization
significantly reduces TSPO’s binding affinity for PpIX. Thus,
the idea of LP1 undergoing opening and closing is not
supported by our data. These results further discount the
notion that LP1 functioning as a lid is crucial for capturing free
PpIX and facilitating the formation of the TSPO-PpIX bound
form. Thus, PpIX access to TSPO’s central cavity must not
occur through an LP1-gated pathway. Our fluorescence data
demonstrate that the activity of TSPO in PpIX degradation can
be effectively reduced by reducing the fluidity of the lipid
bilayer or by blocking the proposed opening with PEG,
suggesting that PpIX diffuses into the cavity through the
opening between TM1 and TM2 in the lipid bilayer. This
information is potentially useful in the design of drugs that
either facilitate or inhibit binding of PpIX to TSPO, depending
on the desired therapeutic outcome.
The TSPO Monomer Is Functionally Significant

TSPO has been reported to exist in both dimeric and
monomeric states in humans, mice, and bacteria (such as
BcTSPO and RsTSPO).1−3 The dimer interface varies between
species, indicating that it is not conserved. However, an
important question remains unanswered: is the dimer state
functionally significant? Our DEER results reveal that BcTSPO
remains as a monomer in the nanodisc lipid bilayer (Figure
S8A). Moreover, the biochemical assays conducted in this
study demonstrate that the monomeric state of TSPO is
functionally significant. This finding suggests that targeting the
monomeric form of TSPO could be a viable therapeutic
strategy.
In summary, we investigated the mechanisms underlying the

binding and degradation of PpIX by TSPO using various

techniques, including mutagenesis, fluorescence, and DEER.
Our results contradict the previous notion, suggested by static
NMR and crystal structures, that LP1 operates as a lid to
regulate PpIX binding. Rather, we discovered that LP1 is
closely associated with LP3 during the reaction, which is
crucial for maintaining the structural integrity of the binding
cavity and the binding affinity of PpIX. Additionally, we
identified specific residues, such as W138 and W51, that play a
critical role in the photo-oxidation and binding/degradation of
PpIX, respectively. Our research sheds light on the potential
therapeutic significance of LP1, as it is conserved across
various species. Our findings regarding the PpIX entry pathway
and the critical role of LP1 can inform the development of
novel therapeutics targeting TSPO.

■ MATERIALS AND METHODS

Cloning and Site-Directed Mutagenesis
The gene encoding TSPO from Bacillus cereus was cloned into a
pMCSG7 expression vector, which produces a 10-His tag at the N-
terminus of BcTSPO. The DNA plasmid was a kind gift from Dr.
Wayne A. Hendrickson (Columbia University). The cysteine-free
construct of BcTSPO (C107S) was used to prepare various single- or
double-cysteine variants, as well as other mutations such as W51F and
W138F. Point mutations were generated using a QuikChange site-
directed mutagenesis kit (Stratagene) with complementary oligonu-
cleotide primers. All substitutions were verified by DNA sequencing.
These plasmids were transformed into the Escherichia coli strain BL21
(DE3) pLysS competent cells (Agilent), which were used for protein
expression.
Expression and Purification of BcTSPO
BcTSPO was expressed and purified as previously described with
minor modifications.2 For large-scale expression and purification, we
typically inoculated 25 mL of the starting culture in terrific broth
(TB) media containing 50 μg/mL ampicillin and 25 μg/mL
chloramphenicol with a glycerol stock of the BcTSPO-expressing
bacteria. The starting culture was incubated at 37 °C with shaking. A
dense overnight culture was subsequently used to inoculate 0.8 L of
the antibiotic-containing TB media at a 1:200 dilution. Cultures were
grown at 37 °C with shaking until the optical density at 600 nm
(OD600) reached 0.6−0.8 and then induced with 1 mM isopropyl β-D-
thiogalactopyranoside (IPTG). After induction with IPTG, the
cultures were incubated at 20 °C for 18 h. Cells were harvested by
centrifugation at 9000g for 5 min at 4 °C and stored at −80 °C.
The frozen cell pellets were resuspended in buffer A (50 mM

HEPES, 300 mM NaCl, 20 mM imidazole, 1 mM MgCl2, and 5%
glycerol, pH 7.8) with an additional 10 μg/mL DNaseI. The
resuspended pellets were sonicated by pulse sonication at 70% output
on ice for 15 min. The lysed cell solution was centrifuged at 12,800g
for 50 min, and then, the supernatant was centrifuged at 45,000g for 1
h to collect membrane pellets. The membrane pellets were frozen at
−20 °C or immediately homogenized in buffer A with an additional
1.5% (w/v) n-dodecyl-β-D-maltopyranoside (β-DDM). The resus-
pended membrane pellets were stirred gently at 4 °C for 1 h followed
by centrifugation at 45,000g for 30 min to remove insoluble
components. The cleared supernatant was filtrated through a 0.45
μm filter and passed through a 5 mL HisTrap HP nickel-affinity
column (GE Healthcare) pre-equilibrated with buffer A with an
additional 0.5% (w/v) β-DDM. The nickel-affinity column was
washed with 20 column volumes (CVs) of buffer B (50 mM HEPES,
500 mM NaCl, 75 mM imidazole, 0.05% (w/v) β-DDM, and 5%
glycerol, pH 8) and then eluted by 6 CVs of buffer C (50 mM
HEPES, 300 mM NaCl, 500 mM imidazole, 0.05% (w/v) β-DDM,
and 5% glycerol, pH 8). Fractions containing BcTSPO were collected
and buffer-exchanged into buffer D (50 mM HEPES, 150 mM NaCl,
and 0.05% (w/v) β-DDM, pH 8) to remove imidazole. Purified
BcTSPO was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with Coomassie blue staining, and the
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protein concentration was determined using absorption spectroscopy
at 280 nm.
Spin Labeling of ESR Samples
Following purification of BcTSPO, spin labeling was performed by the
addition of a 25-fold molar excess of (1-oxyl-2,2,5,5-tetramethylpyrro-
line-3-methyl) methanethiosulfonate (MTSSL) (Enzo Life Sciences)
for each cysteine from a 0.1 M stock solution in acetonitrile. The
labeling reaction was allowed to proceed in the dark at 4 °C overnight
to yield a spin-label side chain R1. Unreacted spin labels were
removed completely during the process of nanodisc sample
preparation described later.
Expression and Purification of Membrane Scaffold Protein
(MSP)
Membrane scaffold protein (MSP1D1, herein denoted by MSP for
simplification) was expressed and purified as previously described
with minor modifications.23,34,35 Briefly, the gene of MSP was cloned
into a pET-28a (Addgene) expression vector, which produced a 7-His
tag at the N-terminus of MSP. The plasmid was transformed into the
Escherichia coli strain BL21 (DE3) pLysS competent cell (Agilent) for
protein expression. A single colony from a fresh LB-agar plate was
used to inoculate 20 mL of terrific broth (TB) media containing 30
μg/mL kanamycin, and the culture was incubated at 37 °C with
shaking. After 4−6 h, OD600 approximately reached 0.6−0.8, and the
starting culture was used immediately or stored at 4 °C for up to 18 h.
Then, the starting culture was used to inoculate 0.8 L of an antibiotic-
containing TB medium (30 μg/mL kanamycin). The culture was
incubated at 37 °C with shaking for 4−5 h. When OD600 reached
1.5−2, induction with 1 mM IPTG was performed. After 1 h, the
temperature was switched to 28 °C. After 2.5−3 h, the cells were
collected by centrifugation and stored at −80 °C until further
purification.
The cell pellets were resuspended in 30 mL of 20 mM sodium

phosphate, 100 mM NaCl, 10 mM MgSO4, and 1% Triton X-100, pH
7.4, with an additional 10 μg/mL dNaseI and 300 μL of
phenylmethylsulfonyl fluoride (PMSF) in 0.1 M ethanol stock, and
then sonicated by pulse sonication at 70% output on ice for 15 min.
Cell debris was removed by centrifugation at 30,000g for 30 min. The
cleared supernatant was filtrated through a 0.45 μm filter and passed
through a 5 mL HisTrap HP nickel-affinity column (GE Healthcare)
pre-equilibrated with 5 CVs of 20 mM sodium phosphate, 100 mM
NaCl, and 1% Triton X-100, pH 7.4. The nickel-affinity column was
washed with the following three different buffers: (i) 6 CVs of 40 mM
Tris-HCl, 300 mM NaCl, and 1% Triton X-100, pH 8.0; (ii) 6 CVs of
40 mM Tris-HCl, 300 mM NaCl, and 50 mM sodium cholate, pH
8.0; (iii) 6 CVs of 40 mM Tris-HCl, 300 mM NaCl, and 40 mM
imidazole, pH 8.0. The bound MSP was eluted with 6 CVs of 40 mM
Tris-HCl, 300 mM NaCl, and 400 mM imidazole, pH 8.0. Purified
MSP was buffer-exchanged into MSP storage buffer (20 mM Tris-
HCl and 100 mM NaCl, pH7.4) and concentrated to around 10 mg/
mL using Amicon Ultra-10K centrifugal filter units. Protein purity was
checked by SDS-PAGE with Coomassie blue staining, and the protein
concentration was determined using absorption spectroscopy at 280
nm.
Reconstitution of BcTSPO into Nanodiscs
Lipids POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and
POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) dis-
solved in chloroform were prepared in a 60:40 molar ratio, dried
under nitrogen flow, and desiccated under vacuum for 6 h.
Reconstitution of BcTSPO into nanodiscs was performed using a
modified Sligar’s protocol.23,36,37 Purified BcTSPO in β-DDM

micelles (buffer D) was mixed with appropriate lipids, MSP, and
sodium cholate (SC) in the following molar ratio: TSPO/MSP/lipid/
SC = 1/4/270/540. The mixture was incubated on ice for 30 min. To
remove detergent, 1 g/mL Biobeads SM-2 (Bio-Rad) was added into
the mixture and incubated at 4 °C overnight. Biobeads were removed
by a short spin-down, and the nanodisc suspension was then run on a
Superdex 200 Increase 10/300 GL gel filtration column (Cytiva) pre-
equilibrated with buffer E (50 mM HEPES and 150 mM NaCl, pH
8.0). The BcTSPO-containing nanodiscs were collected and
concentrated with Amicon Ultra-50K centrifugal filter units and
characterized using SDS-PAGE to verify reconstitution (Figure S8B).
In addition, we changed the lipid fluidity at 300 K by varying lipid
compositions and types (Figure 5C) of the following: DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), DLPC (1,2-dilauroyl-sn-
glycero-3-phosphocholine), POPG (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol), POPE, and POPC. The lipid compositions
studied (Figure 5C) were as follows: POPC:POPE = 60:40,
POPG:POPE = 80:20, 60:40, 40:60, and 20:80, and DPPC:DLPC
= 80:20 and 20:80, where only the mixture DPPC:DLPC 80:20 is in a
gel state and the rest are in a liquid-disordered state.38 The lipid
reconstitution protocols for nanodiscs with high Tm lipids are
optimized as previously described.35

Assay to Measure the PpIX Degradation Activity of TSPO
(by Absorbance and Fluorescence)
Activity assays were performed as previously described.2,18 Proto-
porphyrin IX (PpIX) has a prominent Soret band feature peaked at
410 nm and weaker Q-band features with four peaks at 628, 574, 537,
and 503 nm. We monitored the decay of the Soret band and Q bands
to determine the PpIX degradation activity of BcTSPO. UV−vis scans
of the solution mixtures of BcTSPO and PpIX showed two new peaks:
one at 344 nm and another at 570 nm. A U-3900 spectrophotometer
(Hitachi) was used to perform all the absorption spectra measure-
ments.
PpIX displayed a characteristic fluorescence emission at 633 nm

when excited at 405 nm. We used an F-7000 FL spectrophotometer
(Hitachi) to perform all of the fluorescence spectra measurements.
Experiments with this instrument were conducted as a series of pulses,
where each comprised 60 s continuous illumination during recording.
The reaction solution in a 1 mm square quartz cuvette contained
PpIX and BcTSPO-loaded nanodiscs in a molar ratio of 1:1 with a
total volume of 300 μL (Figure S9). For the controls, the sample
buffer replaced the protein solution. The first three acquired data
points (approximately 120 s duration) at 633 nm were fitted to a
straight line. The absolute value of the slope is the initial reaction rate
(denoted by V0). The experiments were performed in triplicate.
Shown are averages with the standard error (SE).

Tryptophan Quenching Binding Assay
To study the binding properties of BcTSPO for PpIX, the tryptophan
quenching binding assay was used as previously described with minor
modifications.18,39 Detergent-solubilized BcTSPO, which exhibited
the same catalytic ability as nanodisc-reconstituted BcTSPO (Figures
S2 and S4C), was prepared and titrated with increasing amounts of
PpIX. Briefly, purified protein in buffer D at a final concentration of
3.16 μM was titrated with increasing amounts of PpIX in the desired
concentration range. Each titration point was followed by a spectrum
measurement and detection of the intrinsic tryptophan fluorescence
of BcTSPO. BcTSPO was excited at 280 nm, and emission was
measured at 300−400 nm using the F-7000 FL spectrophotometer
(Hitachi). The resulting data points were fitted with the following
equation for dissociation constant Kd.
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where % quenching represents the calculated percentage quenching at
each PpIX concentration, Fi is the maximal fluorescence intensity of
BcTSPO tryptophan residues without PpIX, Ff is the maximal
fluorescence intensity of BcTSPO tryptophan residues when mixed
with 23.71 μM PpIX, and cTSPO and cPpIX are the concentrations of
TSPO and PpIX ligands, respectively. The experiments were
performed in triplicate and are shown as averages with standard error.
DEER Measurements and Analysis
DEER experiments were conducted at 80 K with a Bruker ELEXSYS
E580-400 CW/pulsed spectrometer with a split-ring resonator
(EN4118X-MS3) and a helium gas flow system (4118CF and
411A). The DEER experiments were performed using the typical
four-pulse constant-time DEER sequence as previously described.24,40

Data analysis for DEER was first performed using Tikhonov
regularization with the L-curve method.41,42 Briefly, background
signals in the time-domain DEER traces were removed utilizing the
DeerAnalysis program41 followed by the Tikhonov regularization
analysis to obtain model-free distance distributions. The model-free
results gave useful information about the number of major
populations in the conformational ensemble that could possibly
coexist with the experimental DEER data. Interspin distance
distributions can be modeled as a sum of Gaussians, as previously
demonstrated.43−46 The model-based analysis (i.e., Gaussian-based)
and error estimations for DEER were then performed utilizing the
program DD (version 7).43 The optimal number of Gaussians
determined in the model-based analysis varied from 2 to 3. In DD, it
quantifies the errors in the distance distribution in terms of a
confidence band about the best-fit solution. This study presents the
result in a confidence band of 2σ (95.4%), which reflects the influence
of both the noise in the measured DEER data and the uncertainty in
the estimate of the background correction. The confidence band was
calculated from the full covariance matrix using the delta method.
Spin-Counting Measurements by CW-ESR
To determine the R1 labeling efficiency, the continuous wave (CW)-
ESR technique was used to calculate the spin concentration of spin-
labeled BcTSPO mutants. Several single- and double-cysteine variants
were prepared for spin-counting study. Spin labeling was performed
by the addition of a 25-fold molar excess of MTSSL (Enzo Life
Sciences) for each cysteine from a 0.1 M stock solution in acetonitrile.
The labeling reaction was allowed to proceed in the dark at 4 °C
overnight to yield the side chain R1. Spin-labeled variants of BcTSPO
were buffer-exchanged into buffer D to remove unreacted MTSSL and
concentrated by centrifugation followed by the addition of glycerol
(containing 10% (v/v) glycerol as a cryoprotectant). The sample was
loaded into a capillary tube, and each spectrum was recorded with a
magnetic width of 200 G, 1024 points, and 5 scans at 200 K. The ESR
absorption-mode spectrum was obtained by integration and compared
with tempol (1−4 mM) to calculate the labeling efficiency of
individual BcTSPO variants, and the protein concentration was
determined using absorption spectroscopy at 280 nm.
Kinetics of TSPO-Mediated PpIX Degradation
To study the kinetics of BcTSPO for PpIX degradation, the
fluorescence-based assay was used as previously described.18 Purified
BcTSPO (4.73 μM) in buffer D was mixed with PpIX in the desired
concentration range (1.5−23.7 μM) and loaded into a 1 mm square
quartz cuvette with a total volume of 300 μL. We used an F-7000 FL
spectrophotometer (Hitachi) to monitor the time-dependent PpIX
fluorescence intensity at 633 nm when excited at 405 nm. The first
120 s of the acquired data was fitted to a straight line, and the absolute
value of the slope was proportional to the initial reaction rate. The
initial reaction rate V0 was calculated with the following equation.

V S c0 PpIX= | | ×

where S represents the slope of the linear fit and cPpIX is the
concentration of the PpIX ligand. Data were then fitted using the
Michaelis−Menten equation to determine KM and Vmax values of
BcTSPO for PpIX degradation, and shown are averages with standard
error (SE).

TSPO PEG-maleimide Labeling
Following purification of TSPO, PEG conjugation was performed by
the addition of a 5-fold molar excess of 5 kDa polyethylene glycol
(PEG) (Sigma-Aldrich) methyl ether maleimide (mPEG-mal) for
each TSPO cysteine variant from a 0.01 M stock solution in buffer D.
The conjugating reaction was allowed to proceed in the dark at 4 °C
overnight to yield the PEGylated TSPO. After reaction, TSPO-PEG
was buffer-exchanged into buffer D to remove unreacted mPEG-mal.
The PEG-labeling efficiency of TSPO mutants was >90%, confirmed
by SDS-PAGE with Coomassie blue staining (Figure S7C), and the
protein concentration was determined using absorption spectroscopy
at 280 nm.
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