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Abstract: Mu-opioid receptor (MOR) signaling regulates
multiple neuronal pathways, including those involved in pain,
reward, and respiration. To advance the understanding of
MORQs roles in pain modulation, there is a need for high-
throughput screening methods of opioids in vitro and high-
resolution mapping of opioids in the brain. To fill this need, we
designed and characterized a genetically encoded fluorescent
reporter, called Single-chain Protein-based Opioid Transmis-
sion Indicator Tool for MOR (M-SPOTIT). M-SPOTIT
represents a new and unique mechanism for fluorescent
reporter design and can detect MOR activation, leaving
a persistent green fluorescence mark for image analysis. M-
SPOTIT showed an opioid-dependent signal to noise ratio (S/
N) up to 12.5 and was able to detect as fast as a 30-second
opioid exposure in HEK293T cell culture. Additionally, it
showed an opioid-dependent S/N up to 4.6 in neuronal culture
and detected fentanyl with an EC50 of 15 nM. M-SPOTIT will
potentially be useful for high-throughput detection of opioids
in cell cultures and cellular-resolution detection of opioids in
vivo. M-SPOTITQs novel mechanism can be used as a platform
to design other G-protein-coupled receptor-based sensors.

Introduction

Mu-opioid receptor (MOR) signaling regulates multiple
neuronal pathways, including those involved in pain, reward,
and respiration.[1] Synthetic opioids have been developed to
target MOR for effective pain suppression but can also result
in addiction, tolerance, and respiratory depression.[1] It is
important to study the site-of-action of opioids to understand
their functional effects. Therefore, there is a need to detect
the general activation of MOR by opioids in a high-through-
put manner and to map where opioids act in the brain at
cellular resolution.

Existing methods to screen for opioids for MOR in cell
cultures are limited by either low throughput, low dynamic
range, or specificity for b-arrestin-2 pathway. These methods
have taken advantage of two steps in the opioid signaling
cascade: the binding of the opioid to the receptor and the
downstream signaling events catalyzed by the receptor

activation. Measuring the binding of the opioid to the
receptor, through the use of radiolabeled opioids,[2] can be
used to infer binding affinities but is low-throughput and does
not give information about the efficacy of the ligand in
activating MOR. Assays that utilize downstream signaling
events to screen for opioids include measuring b-arrestin-2
recruitment, receptor internalization, G-protein recruitment,
cyclic AMP (cAMP) levels, and membrane polarization. The
former two kinds of assays rely on the receptorQs interaction
with b-arrestin-2 after receptor activation.[3] Therefore, these
two kinds of assays are not optimal for detecting the general
activation of the opioid receptor, because there are biased
opioid agonists that would preferentially activate the G-
protein pathway over the arrestin pathway, resulting in weak
arrestin recruitment.[4] G-protein assays involve the incorpo-
ration of radiolabeled GTPgS to the activated G-protein but
are technically challenging because of radiolabeling and
membrane protein extraction.[5] Assays using chimeric Gai/
Gaq proteins measure the increase of intracellular calcium
after opioid activation but require artificial coupling of the
chimeric G-proteins with the receptor which is less efficient
than endogenous G-protein coupling.[6] cAMP assays, such as
those using a transcriptional reporter, have poor dynamic
range because opioid receptor-induced cAMP inhibition
rarely exceeds 60% of the basal state.[7] Finally, membrane
polarization caused by opioid receptor activation can be
measured either with recording electrodes[8] or fluorescent
membrane potential dyes. Electrical recordings are manually
challenging and cannot be used for high-throughput selection.
Fluorescent membrane dyes that change intensity due to
membrane polarization can be used as an indicator for opioid
receptor activation, but these dyes only have approximately
a 35–50% decrease of membrane fluorescence.[9]

Current methods for detecting opioids and opioid pep-
tides in the animal brain are limited by spatial resolution.
State-of-the-art methods using microdialysis coupled to nano-
flow liquid chromatography-mass spectrometry (nLC-MS)
enable detection of multiple neuropeptides and other neuro-
transmitters simultaneously.[10] However, microdialysis nLC-
MS methods have poor spatial resolution, limited by the
probe size on the order of 500 mm.[10] Fast scan cyclic
voltammetry (FSCV) has improved spatial resolution due to
its smaller probe size of & 5 mm in diameter, but FSCV has
only been used to detect met-enkephalin and not other
opioids.[11]

Due to the limitations of existing methods for detecting
opioids for MOR, either low-throughput, small dynamic
range, low-spatial resolution, or bias towards the b-arrestin-2
pathway, there is a need for an assay that allows high-
throughput detection of the activation of MOR at high spatial
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resolution. To address this need, we designed a genetically
encoded tool, M-SPOTIT, short for Single-chain Protein-
based Opioid Transmission Indicator Tool for MOR. M-
SPOTITrepresents a new mechanism for fluorescent reporter
design. When activated by opioids, M-SPOTIT leaves a per-
sistent fluorescence mark on the cell membrane. We will refer
to the ratio between the SPOTIT fluorescence in the presence
of opioids to the fluorescence in the absence of opioids as the
signal-to-noise ratio, abbreviated as S/N, throughout this
paper. We demonstrated that M-SPOTIT can selectively
detect agonists for MOR with an opioid-dependent S/N up to
12.5 and can detect a 30-second pulse of opioid exposure in
cell cultures.

Results and Discussion

Design and Mechanistic Understanding of SPOTIT

In the general design of SPOTIT, the circularly permuted
green fluorescent protein[12] (cpGFP) is inserted between the
C-terminus of an opioid receptor and a Gai-mimic nanobody,
Nb39[13] (Figure 1 a). Our initial design rationale was inspired
by previous cpGFP-based sensors[12,14, 15] where the cpGFP
fluorophore is pre-formed and exposed to solvent when
cpGFP is in an open conformation. When the sensor is
activated, cpGFP changes to a closed conformation, thereby
changing the fluorophoreQs electrostatic environment, which
could lead to an immediate fluorescence increase. We,
therefore, designed the sensor as shown in Figure 1a so that
cpGFP would adopt an open-conformation without opioids
and change to a closed-conformation when Nb39 interacts
with the activated receptor in the presence of opioids.

We designed M-SPOTIT and the kappa-opioid receptor
(KOR) version, K-SPOTIT. FLAG tag was added at the
extracellular side for characterizing the sensor expression
level. We first checked the opioid response of these two
sensors by monitoring their fluorescence immediately after
addition of opioid agonists. Initially, we did not observe
fluorescence increase; however, 24 hours after opioid agonist
incubation, the KOR-sensor showed a S/N of 10.9 in the
presence of the synthetic KOR agonist, Salvinorin A (SalA),
compared to the condition without SalA (Figure 1b). How-
ever, the MOR-sensor did not show any fluorescence increase
(Supporting Information, Figure S1a). These sensors were
named K- and M-SPOTIT1.0. To design a functional M-
SPOTIT, we decided to first interrogate the SPOTIT mech-
anism using K-SPOTIT1.0.

Because the fluorescence of K-SPOTIT1.0 did not
increase immediately upon agonist addition as we anticipated,
we next probed the working mechanism of the K-SPOTIT1.0
fluorescence increase in response to KOR agonists. We first
evaluated the sensorQs fluorescence increase at different time
points with continuous agonist stimulation and observed that
the fluorescence gradually increased over a time course of
24 hours (Figure 1c and Supporting Information, Figure S2).
This contradicts our initial sensor design rationale that the
fluorescence change would happen instantaneously. Because
the change in the electrostatic environment surrounding the
cpGFP fluorophore upon opioid-induced conformational
change should be fast, it cannot be the cause of the
fluorescence increase in K-SPOTIT1.0. Additionally, immu-
nostaining of K-SPOTIT1.0 indicated the sensor expression
level is comparable (< 1-fold change) in the presence and
absence of Sal A (Figure 1b and Supporting Information,
Figure S1b). This suggested the & 10-fold fluorescence in-
crease in the presence of opioid agonists is not due to elevated

Figure 1. Design and characterization of K-SPOTIT1.0. a) Schematic of SPOTIT. Opioids induce a conformational change in cpGFP, resulting in an
increased green fluorescence. OR, opioid receptor; Nb39, Gai protein mimic nanobody 39; cpGFP, circularly permuted GFP from GCaMP6.
b) Testing K-SPOTIT1.0 in HEK293T cells. Two days after infection with lentiviruses expressing K-SPOTIT1.0, cells were stimulated with 10 mM
Salvinorin A (SalA) for 24 hours and then fixed and imaged at pH 7. c) K-SPOTIT1.0 fluorophore maturation assay. Two days after infection with
lentiviruses expressing K-SPOTIT1.0, cells were stimulated at different time points with 10 mM Sal A for the indicated time periods, and then fixed
at the same time point, immunostained, and imaged at pH 7. GFP, cpGFP fluorescence; FLAG, sensor protein expression; h, hour. Scale bars,
20 mm.
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protein level or increased protein stability over time. There-
fore, we deduced the slow rate of the fluorescence increase in
the presence of the agonist is most likely due to fluorophore
maturation, which takes approximately 40 minutes for
Enhanced Green Fluorescent Protein[16] and maybe even
longer for cpGFP. Based on these observations, we hypothe-
sized that the cpGFPQs fluorophore in K-SPOTIT1.0 cannot
mature in the basal state (without agonists); opioid agonist
activation leads to the KOR-Nb39 bound state, allowing the
fluorophore to mature.

Next, we examined how the conformational state of the
sensor affects the matured sensorQs fluorescence. We added
KOR antagonist, nor-binaltorphimine (Nor-BNI), to disso-
ciate Nb39 from KOR after 6 hours of agonist incubation,
when the K-SPOTIT1.0 fluorophore has already been
matured. Comparable fluorescence was observed before and
after addition of Nor-BNI (Supporting Information, Fig-
ure S3). Therefore, the conformational state after fluoro-
phore maturation does not affect K-SPOTIT1.0Qs fluores-
cence.

To further interrogate the necessity of the KOR-Nb39
bound state in the sensor activation, we deleted Nb39 from K-
SPOTIT1.0. Surprisingly, Nb39 deletion resulted in high
background fluorescence in the absence of agonists (Figure 2
and Supporting Information, Figure S4), indicating the fluo-
rophore of cpGFP was already matured. Additionally, no
fluorescence increase was observed after agonist incubation.
This led us to further hypothesize that Nb39 is responsible for
preventing the cpGFP fluorophore from maturing in the basal

state of K-SPOTIT1.0. Next, we changed Nb39 to Nb80,
a Gas-mimic nanobody,[17] which does not bind to the activated
KOR.High background fluorescence was also observed,
indicating that Nb39, uniquely, causes the inability of cpGFPQs
fluorophore to mature (Figure 2c and d). To further test the
generality of Nb39 in inhibiting cpGFP fluorophore matura-
tion, we constructed soluble cpGFP-Nb39 and cpGFP alone
(Figure 2e and f). As expected, cpGFP-Nb39 had low
fluorescence signal while cpGFP alone had high fluorescence
signal (Figure 2e–g). These studies suggest that Nb39 could
interact with cpGFP intramolecularly in a unique manner,
preventing the fluorophore from maturing; when KOR in K-
SPOTIT1.0 is activated, Nb39 interacts with the receptor
rather than cpGFP, allowing the fluorophore to mature.

With a better understanding of the SPOTIT mechanism,
we next probed the sensor sensitivity to agonist exposure
time. We reasoned that the interaction between the activated
KOR and Nb39 in SPOTITwill be enhanced due to their close
proximity within a single protein chain. Consequently, the
agonist-induced KOR-Nb39 bound state could remain stable
even after the agonist is removed from the environment. As
a result, a short pulse of agonist exposure could also lead to
sensor activation as long as the sensor was further incubated
to allow fluorophore maturation. To test this, K-SPOTIT1.0
was treated with a short pulse of Sal A and then the agonist
was removed. The cells were further incubated for a total of
24 hours (Figure 3 a). Figure 3b and c show that a pulse of
SalA stimulation as short as 30 seconds was sufficient to
activate K-SPOTIT1.0 with a S/N of 4.2, while longer

Figure 2. Mechanistic studies of the role of Nb39 in inhibiting K-SPOTIT1.0 fluorophore maturation in the absence of agonists. a–c) Schematics
of different constructs for SPOTIT mechanistic studies. d) Confocal imaging of the constructs in (a)–(c) in HEK293T cells. Two days after SPOTIT
lentiviral infection, cells were stimulated with 10 mM SalA for 24 hours and then fixed and immunostained for imaging at pH 7. e,f) Testing Nb39
in inhibiting cpGFP fluorophore maturation. Two days after cpGFP-Nb39 and cpGFP lentiviral infection, cells were fixed and immunostained for
imaging at pH 7. g) Analysis of the imaging experiments from (a)–(f). Error bars, standard error of the mean. The mean is represented by the
thicker horizontal bar. Stars indicate significance after performing an unpaired Student’s t-test. Four stars indicate a p-value <0.0001. Three stars
indicate a p-value of 0.001. n= 5 for all conditions. GFP, cpGFP fluorescence; Anti-GFP, protein expression; + S, + SalA, @ S, @ SalA. Scale
bars, 20 mm.
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incubation lead to a S/N of 12. This suggested that the agonist-
induced KOR-Nb39 bound state can be stabilized after a brief
opioid exposure; therefore, SPOTIT could be sensitive to
short exposure of opioid agonists. To further test the
importance of a stable KOR-Nb39 complex for SPOTIT
activation, we added KOR antagonist, Nor-BNI, immediately
after the initial 30-second agonist stimulation, and the cells
were further incubated for 24 hours. We expected antagonist
addition to disrupt the KOR-Nb39 bound state of the sensor,
preventing the further maturation of the fluorophore. Indeed,
no significant fluorescence increase was observed if Nor-BNI
was added after the initial opioid exposure in comparison to
Nor-BNI-only cells (Supporting Information, Figure S5).

Lastly, to further optimize K-SPOTIT, we varied the
linkers connecting the KOR and cpGFP, because previous
optimizations of cpGFP-based sensors suggested the linkers
connecting the other protein domains and cpGFP are
important for sensor performance.[12, 15] Additionally, the C-
terminal domain of the KOR is important for its interaction

with b-arrestin-2 and subsequent endocytosis after receptor
activation. To minimize the sensor interaction with b-arrestin-
2, we made different truncations of the intracellular C-
terminal domain of the receptor after the palmitoyl cysteine
(Supporting Information, Figure S6a). The truncated version,
K-SPOTIT1.1, with ten amino acids after the palmityl
cysteine, had comparable brightness to K-SPOTIT1.0. The
more truncated form, K-SPOTIT1.2, led to a lower signal,
illustrating the importance of this linker for SPOTITQs
function (Supporting Information, Figure S6b and c). Titra-
tion curves were performed with K-SPOTIT1.0, 1.1, and 1.2 to
further compare the sensorsQ performances. All three had
similar dynamic ranges, but K-SPOTIT1.1 exhibited the
highest sensitivity (Supporting Information, Figure S6d–f).

Design of Functional M-SPOTIT

After dissecting the mechanism of SPOTIT, we focused on
designing a functional M-SPOTIT, because MOR is the
opioid receptor most involved in pain modulation and
addiction.[1] The first design of M-SPOTIT1.0 showed low
background fluorescence, presumably because of the same
inhibition of the cpGFP fluorophore maturation from Nb39.
However, it did not show fluorescence increase upon agonist
addition (Supporting Information, Figure S1). This is possibly
because the cytosolic domain of MOR is not optimal to allow
Nb39 to interact with the agonist-bound MOR. Nb39, there-
fore, cannot dissociate from cpGFP, and this inhibits cpGFP
fluorophore maturation. Because the cytosolic domain of
KOR is effective in K-SPOTIT1.1, we designed a chimeric
sensor for M-SPOTIT by replacing the cytosolic domain of
the MOR with that of K-SPOTIT1.1 (Figure 4a). This
chimeric design, which we named M-SPOTIT1.1, yielded
a S/N of 3.2 upon incubation with MOR agonists (Figure 4b
and c).

Further characterization of M-SPOTIT1.1 by immunos-
taining showed that when fixed at pH 7.0, M-SPOTIT1.1Qs
fluorescence significantly decreased (Figure 4b and c). Since
the fluorophore of M-SPOTIT was already formed, the
decrease of the fluorescence could be due to the protonation
of the fluorophore, which is less fluorescent than the
deprotonated form (Supporting Information, Figure S7).
Presumably, formaldehyde cross-linking could cause a higher
fluorophore pKa or change the pH surrounding the fluoro-
phore. To test whether the fluorescence decrease was due to
fluorophore protonation, we transfected HEK293T cells with
M-SPOTIT1.1 and compared the fluorescence in live cells or
fixed cells at pH 7 and 9. Figure 4c shows that the fentanyl-
activated M-SPOTIT1.1 was 12.8-fold higher at pH 9 than at
pH 7 in fixed cells. We observed a S/N of 3.2 for live cell, 3.8
for fixed at pH 7, and 5.9 for fixed at pH 9 (Figure 4 b, c, and
Supporting Information, Figure S8). This validated our hy-
pothesis that cpGFP in M-SPOTIT1.1 is in its protonated
state at pH 7 in fixed cells.

To determine the pKa of the fluorophore, we performed
a pH titration for M-SPOTIT1.1 in the following three states:
the basal state and the beta-endorphin and fentanyl-activated
states. Based on the titration curves, we determined the pKa of

Figure 3. Testing the sensitivity of K-SPOTIT1.0 to agonist exposure
time. a) Schematic for characterizing K-SPOTIT1.0 agonist exposure
time dependence. Cells were stimulated with 10 mM Sal A for different
time periods as indicated in (a), and then Sal A was removed and cells
were further incubated for a total of 24 hours. b) Imaging character-
ization of K-SPOTIT1.0 agonist exposure time dependence in fixed and
immunostained HEK293T cells at pH 7. GFP, cpGFP fluorescence;
FLAG, sensor protein expression. Scale bar, 20 mm. c) Analysis of
agonist exposure time dependence from the imaging experiment in
(b). Values above the dots represent the S/N. Error bars, standard
error of the mean. The mean is represented by the thicker horizontal
bar. n = 5 for all conditions. + S, + Sal A; @ S, @ Sal A.
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the fluorophore to be 8.0 in fixed cells (Figure 4 d, e, and
Supporting Information, Figure S9). Therefore, when imaging
M-SPOTIT1.1 in formaldehyde-fixed cells, it is important to
image at a pH> 8 to observe optimal fluorescence signal.
Since the cpGFP fluorophore is fully deprotonated and at its
most fluorescent state at pH 10, the different fluorescence
observed for M-SPOTIT1.1 with or without agonists indicates
different amount of the fluorophore formed. This further
supported our hypothesis that the SPOTIT mechanism is
based on fluorophore maturation.

Next, we evaluated the sensor maturation time for M-
SPOTIT1.1 under continuous opioid stimulation. HEK293T
cells expressing M-SPOTIT1.1 were incubated with fentanyl
for 30 minutes to 6 hours. Approximately a S/N of 5.8 was
observed after 3 hours of fentanyl stimulation, and the
fluorescence continued to increase with longer agonist
incubation time, resulting in a S/N of 12.5 after 6 hours of
fentanyl stimulation (Figure 5a and Supporting Information,
Figure S10a). The continuous increase of fluorescence in the
presence of fentanyl over time could be due to a combination
of gradual fluorophore maturation and continuous activation
of the newly translated sensors.

We also tested M-SPOTIT1.1Qs sensitivity to short pulses
of agonist stimulation followed by further incubation without

agonists. M-SPOTIT1.1 was stimulated with a short pulse of
agonist exposure, followed by drug removal and further
incubation for 24 hours (Figure 5b). Similar to K-SPOTIT,
30 seconds of agonist exposure was sufficient to generate
a fluorescence signal for M-SPOTIT1.1 with potent agonists,
like fentanyl. Partial agonists, like morphine, required a longer
incubation time (Figure 5b and Supporting Information
Figure, S10b).

Next, we characterized the selectivity of M-SPOTIT1.1
for MOR agonists. M-SPOTIT1.1 was incubated with various
drugs, including MOR peptide agonists, partial and full
synthetic MOR agonists, MOR antagonists, and KOR selec-
tive agonists. Figure 5c and Supporting Information Figure,
S10c show that MOR agonists, such as morphine, fentanyl,
buprenorphine, oxycodone, DAMGO, and the peptides leu-
enkephalin and beta-endorphin activated M-SPOTIT1.1,
illustrating its versatility for a variety of MOR agonists.

Interestingly, DADLE, an agonist for the delta-opioid
receptor, could also activate M-SPOTIT1.1, showing a S/N of
2.9. This is consistent with previous studies that suggest
DADLE has a weak affinity for MOR.[18] Even more
interestingly, isoproterenol activated M-SPOTIT as well,
producing a S/N of 2.1. This is also consistent with previous
studies that show beta-adrenergic receptor agonists can have

Figure 4. M-SPOTIT1.1 design and pH-dependence. a) DNA constructs of M-SPOTIT1.0 and M-SPOTIT1.1. b) M-SPOTIT1.1 under different
imaging conditions. Two days after infection with lentiviruses expressing M-SPOTIT1.1, cells were stimulated with 10 mM fentanyl for 24-hours.
Cells were imaged either live or fixed at pH 7 or 9. c) Analysis of the imaging experiment in (b). Error bars, standard error of the mean. The mean
is represented by the thicker horizontal bar. Values above the dots represent the S/N. n =10 for each condition. + F, + Fentanyl; @ F, @ Fentanyl.
d) pH titration of M-SPOTIT1.1 in fixed HEK293T cells. Two days after infection with lentiviruses expressing M-SPOTIT1.1, cells were stimulated
with 10 mM fentanyl or beta-endorphin for 24 hours and then fixed and immunostained. The cells were then imaged at the pH indicated.
e) Analysis of the imaging experiment in (d). Error bars, standard error of the mean. The mean is represented by each point in the plot. n = 9–10
for each data point. GFP, cpGFP fluorescence; Anti-GFP, sensor protein expression. Scale bar, 20 mm.
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activity towards opioid receptors.[19] This shows that M-
SPOTIT1.1Qs response to different drugs is positively corre-
lated to the drugQs ability to activate MOR. It is important to
note that we did notice the S/N could vary slightly from
experiment to experiment, possibly because the S/N is also
affected by other factors including differences in protein
expression levels and cell health.

Testing M-SPOTIT1.1 in Cultured Neurons

M-SPOTIT1.1 can potentially be used to determine the
site-of-action of endogenous and exogenous opioids in an
animal brain. To test the feasibility of this application, we
expressed M-SPOTIT1.1 in cultured neurons by AAV viral
infection. Stimulation of M-SPOTIT1.1 with fentanyl and
beta-endorphin led to a S/N of 4.6 and 2.5, respectively
(Figure 6a, b, and Supporting Information, Figure S11). The
lower S/N of beta-endorphin could possibly be due to the
degradation of the peptide or the inability of the peptide to
activate sensors not expressed on the cell membrane.

To compare an agonistQs binding affinity to M-SPOTIT
versus MOR, we performed a fentanyl titration in cultured
neurons. M-SPOTIT1.1 had an apparent EC50 of 15 nM for
fentanyl, which is comparable to the reported IC50 value of
fentanyl (8.4 nM) for MOR expressed in HEK293T cells[20]

(Figure 6c and Supporting Information, Figure S12). This
means fentanyl has a similar binding affinity to M-SPOTIT1.1
as MOR.

To our knowledge, this is the first demonstration of
a genetically encoded reporter for detecting opioids in

cultured neurons. This shows that M-SPOTIT1.1 could
potentially be useful for detecting opioids in the brain. If
signal in animal models becomes an issue due to the thin
membranes of neuronal processes, M-SPOTIT1.1 can also be
expressed in glial cells under a CAG reporter.[21] Sensor
expression and performance in glial cells will more closely
resemble that seen in HEK293T cells, enabling the detection
of endogenous and exogenous opioids.

Discussion on the Design, Mechanism and Advantageous
Characteristics of SPOTIT

To enable the detection of opioids for MOR at high spatial
resolution, we designed M-SPOTIT1.1. M-SPOTIT1.1 has
many advantageous characteristics. First, M-SPOTIT1.1 has
a S/N up to 12.5 and is selective for MOR agonists, allowing
a new high-throughput approach to detect opioid agonists in
cell cultures. M-SPOTIT1.1Qs activation is positively corre-
lated to the concentration of the opioid agonists and can
detect fentanyl with an EC50 of 15 nM in cultured neurons.
While the sensitivity of M-SPOTIT1.1 towards synthetic
opioids is high, its sensitivity towards beta-endorphin is
currently low. To improve the sensitivity of M-SPOTIT1.1
towards endogenous opioid peptides, further engineering of
the MOR part of the sensor can be performed. The sensor
sensitivity might also be improved by engineering a higher-
affinity Nb39 variant that can better stabilize the agonist-
bound receptor. Additionally, the S/N of M-SPOTIT1.1 can
fluctuate based on cell health; poor cell health results in
a higher background signal. The background signal can

Figure 5. Characterization of M-SPOTIT1.1. a) Characterization of the maturation time dependence of M-SPOTIT1.1. Similar to Figure 1c. 10 mM
of fentanyl was used. n = 9–10 for each time point. Error bars, standard error of the mean. The mean is represented by each point in the plot.
b) Characterization of M-SPOTIT1.1 agonist exposure time dependence. Similar to Figure 3c, M-SPOTIT1.1 was exposed to fentanyl and morphine
for different time periods to characterize the sensitivity of the sensor. The MOR antagonist, naloxone, was added after 30 s stimulation to test its
inhibition of sensor maturation. 10 mM drug concentration was used for all. Cells were imaged fixed at pH 9 24 hours post-stimulation. S/N was
calculated by dividing the sum GFP intensity of the agonist condition and no agonist condition for 30 s, 5 min, and 6 hrs + agonist time points.
An unpaired Student’s t-test was used to determine the significance between the agonist and no agonist conditions and the agonist + naloxone
and only naloxone conditions. Stars indicate significance. Four stars is a p-value <0.001. Two stars is a p-value of 0.0034 and 0.0036 for 30 s +
Fentanyl and 5 min + morphine, respectively. “n.s.” indicates no significant difference between compared conditions with p-values of 0.263,
0.1692, and 0.0722 for 30 s + morphine and antagonist conditions, respectively. Error bars, standard error of the mean. The mean is represented
by the thicker horizontal bar. n = 7–10 for each condition. c) Characterization of M-SPOTIT1.1 drug selectivity. Two days after infection with
lentiviruses expressing M-SPOTIT1.1, cells were stimulated with 10 mM of each drug for 24 hours, and then fixed and imaged at pH 9. Error bars,
standard error of the mean. The mean is represented by the thicker horizontal bar. Values above the dots represent the S/N. Stars indicate
significance after performing an unpaired Student’s t-test. Four stars indicate a p-value <0.0001. Two stars indicate a p-value of 0.0065, 0.0047,
and 0.0018 for leu-enkephalin, DADLE, and naloxone, respectively. One star indicates a p-value of 0.0270, 0.0350, and 0.0132 for endomorphin-1,
endomorpin-2, and salA, respectively. “n.s.” indicates no significant difference with a p-value of 0.0853. n= 8–10 for each condition.
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potentially be reduced by enhancing the interaction between
Nb39 and cpGFP via directed evolution methods to inhibit
cpGFP fluorophore maturation in the basal state.

Second, M-SPOTIT1.1 utilizes a new mechanism to
integrate the transient opioid signal to a persistent fluorescent
signal, making M-SPOTIT1.1 sensitive to short pulses of
opioid stimulation and enabling image analysis at high spatial
resolution in fixed cells. Our study shows that the fluorophore
maturation of cpGFP in M-SPOTIT1.1 is inhibited by Nb39 in
the basal state; opioid agonist-induced intramolecular MOR-
Nb39 complex formation allows the cpGFP fluorophore to
mature and generate a persistent green fluorescence signal for
image analysis. This mechanism was supported by a pH
titration of M-SPOTIT1.1, where the sensor was incubated
with or without opioids (Figure 4d and e). Both the opioid-
incubated and no drug-treated cells showed a pKa of& 8.0. At
pH 9 and 10, the fluorophores are fully deprotonated to their
fluorescent state and the green fluorescence signal observed is
directly correlated to the amount of cpGFP fluorophore
formed. Therefore, the increased green fluorescence observed
with opioid incubation over the no opioid condition is due to
fluorophore maturation. This mechanism was further sup-
ported by the M-SPOTIT maturation assay where longer
opioid-incubation time leads to an increased fluorescence
when imaged in fixed cells at pH 9. Due to this unique sensor
mechanism, M-SPOTIT1.1 can be sensitive to a short-pulse of
stimulation when a strong opioid agonist, such as fentanyl, is
applied. This is because a stable OR-Nb39 complex can form
after a 30-second opioid stimulation and persists, allowing for
further fluorophore maturation. SPOTITwill complement the
recently developed real-time fluorescent sensors for detecting
other GPCR agonists,[14,15] by integrating opioid signals into
a persistent fluorescence mark and enabling image analysis
across a large brain volume.

SPOTIT represents a new mechanism of reporter design,
which can be applied to design other GPCR sensors. For
example, this strategy can be used to design sensors for
detecting agonists for other Gai-coupled GPCRs by fusing the

cpGFP-Nb39 to the C-terminal end of the GPCR. Similar to
the M-SPOTIT mechanism, Nb39 will inhibit the cpGFP
fluorophore maturation in the basal state. In the presence of
agonists, Nb39, as a Gai protein mimic, will interact with the
agonist-bound Gai-coupled GPCRs, removing the Nb39 from
the cpGFP and allowing the cpGFP fluorophore to mature.
Some optimization might be needed to improve the binding of
Nb39 to other Gai-coupled GPCRs in the presence of agonists.

Lastly, M-SPOTIT1.1 is the first single protein chain
opioid sensor and only requires one DNA construct for
expression, making its performance less protein expression-
dependent. Therefore, compared to multiple component
reporters such as iTango[22] or split luciferase assay,[23] it will
be easier to express M-SPOTIT1.1 in cell cultures and animal
models, and M-SPOTIT1.1Qs performance might be more
consistent. M-SPOTIT1.1 could potentially be expressed in
neurons for detecting opioids in the brain. It could also be
expressed in glial cells under a CAG promoter, enabling
higher sensor expression level and hence higher fluorescence
signal to determine the localization of opioids in the brain.

Conclusion

Overall, M-SPOTIT1.1 represents the first demonstration
of a genetically encoded tool to detect opioid agonists for
MOR in HEK293T cells and neurons at cellular resolution.
M-SPOTIT1.1 will be useful for screening and characterizing
synthetic opioid agonists in cell cultures and can potentially
be useful for detecting opioids at cellular resolution in animal
models to study the localization of exogenous and endoge-
nous opioids.
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Figure 6. Testing M-SPOTIT1.1 in neuron culture. a) Imaging of M-SPOTIT1.1 in rat cortical neuron culture. Seven days after infection with AAV-
viruses expressing TREp-M-SPOTIT1.1-IRES-mCherry and Synapsin-tTA, neurons were stimulated with fentanyl and beta-endorphin for 24 hours.
Cells were fixed and imaged at pH 9. GFP, cpGFP fluorescence; mCherry, protein expression level. Scale bar, 20 mm. b) Analysis of the imaging
experiment in (a). Error bars, standard error of the mean. The mean is represented by the thicker horizontal bar. Values above the dots represent
the S/N. Stars indicate statistical significance analyzed using an unpaired Student’s t-test. Four stars indicate a p-value <0.0001. Two stars
indicate a p-value of 0.004. n= 5 for each condition. c) Plot of fentanyl titration in cultured neurons. Seven days after infection, M-SPOTIT1.1-
infected neurons were stimulated with the indicated concentration of fentanyl. Neurons were fixed and imaged 24-hours post stimulation. Error
bars, standard error of the mean. The mean is represented by each point in the plot. n= 5 for each condition.
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