Downloaded via SEOUL NATL UNIV on May 13, 2025 at 16:52:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

a“alygi'%la’llﬁstry

pubs.acs.org/ac

Spatiotemporal Characterization of GPCR Activity and Function
during Endosomal Trafficking Pathway

Hyunbin Kim, Hae Nim Lee, Jaesik Choi,* and Jihye Seong*

Cite This: Anal. Chem. 2021, 93, 2010-2017 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
[ Endosomal vesicles ] |: GPCR activity . P
B2AR g activity
2
o
(7}
-(jjj\? FRET-based e
GPCR sensor
~ @R D cAMP production T
° <
N s
\»t S Vesicle targeted o g == ¢
74 CcAMP sensor o
- [} -
= Time
Time LE : late endosome

ABSTRACT: G protein-coupled receptor (GPCR) is activated by extracellular signals. After their function at plasma membrane,
GPCRs are internalized to be desensitized, while emerging evidence suggests that some GPCRs maintain their activity even after
internalization. The endosomal trafficking pathway of a prototypic GPCR, f adrenergic receptor 2 (B2AR), is in the range of several
hours, however, spatiotemporal B2AR activity during this long-term endosomal trafficking pathway has not been characterized yet.
Here, we analyze an agonist-induced real-time B2AR activity and its downstream function at the level of individual vesicles, utilizing
a fluorescence resonance energy transfer (FRET)-based B2AR biosensor and cAMP reporters tethered at different trafficking stages
of endosomes. Our results report that the internalized B2ARs sustain the activity and maintain the production of cAMP for several
hours during the endosomal trafficking pathway. Temporal kinetics of B2AR activity is mathematically well explained by our active-
vesicle population model modified from the Ricker model. Therefore, our GPCR monitoring system and a new kinetics model can
be applied to understand the spatiotemporal GPCR activity and its downstream function during the endosomal trafficking pathway.

protein-coupled receptors (GPCRs) receive various In particular, it has been directly visualized by a nanobody-
extracellular signals and initiate diverse intracellular based biosensor Nb80-GFP that B2AR, a prototype GPCR,
responses through the interactions with heterotrimeric G maintains the active conformational state at the internalized
proteins at plasma membrane."” Activated GPCRs are further endosomes generating cAMP.'” Interestingly, this endosomal
phosphorylated by G-protein-coupled receptor kinases cAMP level is shown to be required for cAMP-dependent
(GRKs) recruiting f-arrestins and then internalized from transcription control, "’ implying spatial encoding of cAMP
plasma membrane.”* This internalization process was signaling pathway. Indeed, compartmentalized cAMP signals
suggested as a major termination mechanism of GPCR are revealed by real-time cAMP imaging with fluorescent
signaling pathways.* protein (EP)-based sensors.' A recent study reports that
However, emerging evidence suggests that some GPCRs can adenylyl cyclase type 9 (AC9), the G protein effector that
sustain their activity even after internalization and mediate generates CAMP, can be trafficked from plasma membrane to
their downstream G-protein signaling at endosomes.”"® For endosomes,'” supporting the sustained endosomal GPCR
example, the internalized thyroid-stimulating hormone (TSH) signaling pathway after internalization.

receptor continues to mediate its G-protein signaling
producing cAMP via adenylyl cyclase (AC).” Other GPCRs Received: August S, 2020
exhibiting sustained signaling include parathyroid hormone Accepted: December 18, 2020
receptor (PTHR),'’ sphingosine 1-phosphate receptor 1 Published: January §, 2021
(SIPR1),"" B-adrenergic receptor 2 (B2AR),"” glucagon-like

peptide receptor 1 (GLPIR),"” and vasopressin receptor 2

(V2Rr)."*
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After internalized from plasma membrane, GPCRs at early

endosomes are quickly recycled back to the cell surface (short-
term desensitization), while in a prolonged presence of agonist,
they are trafficked to late endosomes and then combined with
lysosomes to be eventually degraded (long-term desensitiza-
ion).'7%¢ During the long-term desensitization, the endo-
somal trafficking pathway of B2AR is dependent on ubiquitin
and ESCRT (endosome sorting complex required for trans-
port) complex, which suggested to be in the range of several
hours.”' ~** Despite this long-term B2AR trafficking pathway,
previous studies focused on early response of endosomal B2AR
activity and signaling within an hour.”'*'® However,
spatiotemporal B2AR activity and signaling for several hours
are not yet characterized throughout the whole endosomal
trafficking pathway, which is crucial for the strength and
duration of its cellular function.”

To monitor the long-term B2AR activity during the
endosomal trafficking pathway, we apply a genetically encoded
B2AR biosensor based on fluorescence resonance energy
transfer (FRET).”® Because the C-terminus of B2AR is crucial
for its trafficking process,3’27’28 this FRET biosensor contains
the full B2AR sequence and after its C-terminus, the FRET
sensing domains are linked by flexible (GSS), sequences. To
measure the B2AR-mediated cAMP production during the
endosomal trafficking pathway, we targeted a genetically
encoded cAMP indicator’” to different trafficking stages of
endosomes. Finally, we developed an endosome-tracking
program to accurately analyze the spatiotemporal B2AR
activity as well as its downstream function at the level of
endosomal vesicles.

Utilizing these systems, we characterize an agonist-induced
B2AR activation and the subsequent production of cAMP
during the endosomal trafficking pathway and long-term
desensitization. After a rapid B2AR activation at plasma
membrane in a few minutes, the internalized B2AR at
endosomal vesicles maintains its activity for several hours,
mediating local production of cAMP during the endosomal
trafficking pathway. We mathematically explain the kinetics of
the endosomal B2AR activity by our active-vesicle population
model. Therefore, we report the spatiotemporal B2AR activity
and function throughout the whole endosomal trafficking
pathway in live cells.

B EXPERIMENTAL SECTION

Plasmids. FRET-based B2AR biosensor has been pre-
viously described.’® To improve its localization at plasma
membrane, a signal peptide sequence from hemagglutinin
(HA)? and a FLAG epitope were further inserted at the N-
terminal of the biosensor by PCR and In-Fusion (Clontech)
techniques. A B2AR-pH sensor was generated by replacing
fluorescent proteins (mCerulean to pHTomato, mCitrine to
EGFP) in pcDNAS vector. To create subcellular cAMP
indicators, RabSa or Rab7a was fused to the C-terminal of pink
Flamindo (pF),” and LAMP2B was inserted in the N-
terminus of pF. Full sequences of new constructs are available
in the Supporting Material. pTagBFP-RabSa, TagRFP-T-
EEA1, GFP-Rab7a, LAMP-1-mGFP, LAMP2B, mScarlet-C1,
and pink Flamindo were obtained from Addgene.

Cell Culture and Transfection. Human embryonic
kidney 293A (HEK293A) cell line was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Hyclone), 1 unit per mL
penicillin, 100 pg per mL streptomycin, and 100 M MEM
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Non-Essential Amino Acids Solution (Gibco). Starvation
media contains reduced FBS (0.5%). Cells were cultured in a
humidified 95% air and 5% CO, incubator at 37 °C.
Lipofectamine 2000 reagent (Invitrogen) was used for
transfection according to the manufacturer’s protocol.
Isoproterenol hydrochloride was purchased from Tocris.

Image Acquisition. Images were collected by a Nikon Ti-
E inverted microscope and a cooled charge-coupled device
camera using NIS software (Nikon). FRET images were
collected using a 438DF24 excitation filter, a 4S8DRLP
dichroic mirror, and two emission filters controlled by a filter
changer (483DF32 for CFP and 542DF27 for FRET). For the
FRET measurement, the CFP and FRET images at each time
point were collected with an exposure time of 200 ms with a
neutral density (ND) 8 filter. The fluorescence intensity of
nontransfected cells was quantified as the background signals
and subtracted from that of transfected cells. The pixel-by-pixel
FRET/CFP ratio images were calculated based on the
background-subtracted fluorescence intensity images of CFP
and FRET by the NIS program.

Live-Cell Imaging. Live-cell imaging was performed in a
humidified 95% air, 5% CO,, and 37 °C temperature-
controlled chamber (Live Cell Instrument). HEK293A cells
expressing B2AR biosensor or other constructs were prepared
on cover-glass-bottom dishes (SPL Life Sciences) coated with
10 pg/mL of fibronectin (Invitrogen) and starved overnight
under 0.5% FBS-containing starvation media. On the day of
live-cell imaging, isoproterenol (10 M) was added to the cells
for 10 min, and the media was replaced with new starvation
media. Cells were monitored on the 100X objective lens, and
the images were taken every S or 10 min.

Computational Analysis. Each individual vesicle was
identified by watershed algorithm, and the FRET/CFP level of
the B2AR biosensor at each endosomal vesicle was anal?fzed
with our homemade program based on openCV library.”" To
improve the accuracy of vesicle detection, the program finds a
set of local maxima where each maximum point is separated
from another maximum point by a specified distance. When
the mean intensity of a detected vesicle is lower than a
threshold, the program discards the vesicle from consideration.
The threshold was adjusted since images of different cells have
different distributions of activation and intensity levels. The
intensity was computed from the FRET/CFP ratio image using
the coordinates of vesicles extracted from the paired CFP
image.

The parameters (q, 7, ¢, and k) of our population model are
learned by the gradient descent method implemented in
TensorFlow.”” The parameter is determined by minimizing the
difference between our predicted populations and measured
populations. Our model can also be represented by a
polynomial term multiplied with an exponential term as
follows (eq 1)
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Figure 1. FRET-based B2AR biosensor detects a rapid activation of B2AR at plasma membrane and the subsequent internalization. (a) Scheme of
the B2AR-Gs FRET biosensor. (b) Time course of the normalized FRET/CFP emission ratio of BZAR-Gs biosensor or B2AR-No biosensor (a
negative control sensor without the C-terminal sequence derived from Gs protein) in response to the treatment of 10 uM Isoproterenol (Iso) for
indicated times. Data represent the mean value + s.e.m. (n = 10, n represents the number of individual cell experiments). (c) Area under the curve
of B2AR-Gs biosensor or B2AR-No biosensor was calculated from 0 to 5 minutes after Iso treatment. Normalization was performed by B2AR-No
biosensor as a 1. * represents significant difference between groups (p = 0.0015). (d) FRET/CFP ratio (top) and CFP images (bottom) of the
B2AR biosensor after the Iso treatment for indicated times. High magnified FRET/CFP ratio images are presented in the inserted boxes (top). The
rainbow color bar on the top right represents the level of FRET/CFP emission ratio. Scale bar, 20 ym. (e) Time course of the normalized FRET/
CFP emission ratio of B2AR-Gs biosensor (n = 11) and B2AR-No biosensor (n = 16) after the Iso treatment. Data represent the mean value +

s.e.m.

Thus, a, can be represented as

a, =ay X ¢ Xt Xexprt——ZA—r

i=1

(1)

Statistical Analysis. To determine the p values between
experimental and control groups, a statistical analysis was
performed using a two-tailed Student’s t-test at Origin2017 or
Excel, and the values are shown as mean + standard error of
the mean (s.e.m.) for control and experimental samples (¥p <
0.05).

B RESULTS AND DISCUSSION

FRET-Based Visualization of Agonist-Induced Rapid
B2AR Activation at Plasma Membrane. To detect the real-
time B2AR activity during agonist-stimulated endocytosis, we
utilized a genetically encoded B2AR biosensor based on
fluorescence resonance energy transfer (FRET). %6 This FRET-
based B2AR biosensor is composed of full sequence of B2AR,
(GSS), linker, yellow fluorescent mCitrine, ER/K linker, cyan
fluorescent mCerulean, and the 27 C-terminal residues from
Gas protein (Figure la). An agonist-induced conformational
change of the B2AR biosensor allows the subsequent
interaction with its C-terminal sequence derived from Gas.
This increases the efficiency of FRET between CFP and YFP
(Figure 1la); thus, the real-time B2AR activity can be
monitored by detecting FRET levels. While reporting the
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activation status of B2AR, the B2AR FRET biosensor is
designed not to induce additional activation of the endogenous
Gas signaling pathway, because the activated B2AR in the
biosensor prefers to interact with its C-terminal residues, which
do not initiate the Gas signaling event. To further improve the
distribution of the biosensor at plasma membrane, a cleavable
signal peptide sequence from hemagglutinin (HA)®
inserted into the N-terminus of the B2AR biosensor (Figure
S1).

Upon the treatment of an agonist isoproterenol (Iso), the
B2AR FRET biosensor reports an increase of the FRET/CFP
emission ratio within a minute (Figure 1b), suggesting a rapid
B2AR activation at plasma membrane as previously
reported.””™*> This B2AR activation at plasma membrane
was not detected by a negative control biosensor, which missed
the C-terminal Gas sequence (B2AR-No biosensor) (Figure
Ic), confirming that the FRET response is due to the
intramolecular interaction between the activated B2AR and
the C-terminal sequence derived from Gas.”®

Interestingly, after S min, the FRET ratio of the B2AR
biosensor increased again, with a concomitant appearance of
internalized endosomal vesicles (Figure 1d,e). The FRET/CFP
level of the biosensor at these newly appeared endosomal
vesicles is relatively higher than the nearby region of plasma
membrane (Figure 1d). These results suggest that the activated
B2AR at plasma membrane is internalized in a few minutes and
maintains its activity at the endosomal vesicles, consistent with

‘was
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Figure 2. Temporal kinetics of an agonist-induced B2AR activity at the internalized endosomes is explained by a modified Ricker model. (a)
FRET/CEFP ratio images of the B2AR biosensor after the Iso treatment for indicated times. The rainbow color bar on the right represents the level
of FRET/CFP emission ratio. Scale bar, 20 um. (b) Total endosome area over time after the Iso treatment. Individual B2AR-containing endosome
is displayed as a bar, representing its size and FRET level by the length and the rainbow color, respectively. The bars at each time point are sorted
by size and further stacked to quantify the total endosome area and the general B2AR activity over time. (c) Total vesicular B2AR activity at each
time calculated by the summation of the individual endosomal B2AR activity, which is achieved by multiplication of individual endosome size and
its average FRET level. (d) Fitting graph of total endosome area (blue, R* = 0.9841) and total B2AR activity at endosomes (gray, R* = 0.9866) to
new population model inspired from the Ricker model. T,,,, represents the time to reach the maximum B2AR activity; T, and T, indicate the times
to reach the half value in the increasing and decreasing phases. (e) Calculated average values of T,,,,, T}, and T, for total B2AR activity and total
endosome area. Data represent the mean value + s.e.m. of each group experiment (n = 6). * represents significant difference between groups (p =
0.048 and 0.002). (f—g) Average B2AR activity at each time point detected by B2AR-Gs biosensor (1 = 7) or B2AR-No biosensor (n = S) (f), and
the area under the curve of B2AR-Gs biosensor normalized by the one of B2AR-No biosensor (g). Data represent the mean value + s.e.m and *
represents significant difference between groups (p = 0.0002).

a previous report.'” The negative control biosensor can also be B2AR activation and deactivation for 8 h, while no FRET
internalized upon the Iso treatment but did not show any change was detected without the Iso treatment or by a negative
detectable FRET change (Figures S2a and le), suggesting that control biosensor (Figure S3). Interestingly, small endosomes,
the FRET response of the B2AR biosensor is not simply due to which appeared throughout the whole cell area in an hour, are
the accumulation at endosomal vesicles but reporting B2AR combined to become bigger vesicles at perinuclear regions at
activity. around 2—3 h (Figure 2a and Video S1). It has been suggested
Temporal Kinetics of Endosomal B2AR Activity Is that early endosomes are fused to multivesicular endosomes
Explained by a Modified Ricker Model. The whole process (MVEs),*® which then further fuse to lysosomes at perinuclear
of B2AR endosomal trafficking pathway (Figure S2b) is regions.”” Indeed, after 3 h, both the size and number of
suggested to be in the range of several hours;** ™** thus, we set B2AR-containing endosomes decrease until 8 h (Figure 2a),
up a live-cell imaging system for long-term monitoring of the possibly indicating the long-term desensitization of B2AR.
B2AR FRET biosensor in a CO, and temperature-controlled To more accurately analyze the B2AR activity at individual
chamber. In this system, we can successfully monitor the endosomes, we developed an automatic vesicle-tracking
distribution as well as the dynamic FRET changes of B2AR algorithm (Figure S4). This program identifies individual
biosensor-containing endosomes for several hours in live cells B2AR-containing endosomes from the CFP images based on

(Figure 2a and Video S1). The whole-cell analysis of the watershed algorithm (Video S2),*"** and then calculates

normalized FRET/CFP ratio revealed an agonist-induced the size and the level of the FRET/CEP ratio of the endosome.
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Figure 3. B2AR-induced local cAMP production at different stages of endosomes. (a) Scheme of the B2AR-pH sensitive biosensor containing
EGFP and pHTomato. (b, c) Time-lapse values + s.e.m. (b) and images of the EGFP/pHTomato ratio (c) after the Iso treatment (n = 8). The
rainbow bar on the right represents the level of EGFP/pHTomato ratios. (d) Scheme of subcellular targeted pink flamindo (pF) to detect local
cAMP production at different stages of endosomes, which is induced by activated B2AR and adenylyl cyclase. (e—g) Time courses of the
normalized intensity of pF-RabSa (n = 4) (e), pF-Rab7a (n = §) (f), and LAMP2-pF (n = 10) (g) after the Iso treatment. The pF intensity of each
cell was normalized by its maximal intensity as 1, and the average data of each group was subtracted by the basal level at time 0. Data represent the

mean value + s.e.m.

At each time point, individual B2AR-containing endosome is
displayed as a bar, representing its size and FRET level by the
length and the rainbow color, respectively (Figure 2b). These
bars at different time points were sorted by size and stacked to
quantify the total endosome area as well as the general B2AR
activity over time (Figure 2b). The relative change of the total
endosome area over time in a single cell indicates the
progression stages of the endosomal trafficking pathway.’”
The analysis revealed that the total vesicle area peaks at around
2 h, and the activated B2AR represented by yellow-green color
sustained until around 4 h. Then, the endosomal populations
containing active B2AR gradually disappear until around 8 h.

The B2AR activity of individual vesicles was calculated by
multiplying their size and the FRET level, and the total B2AR
activity at each time point was calculated by the sum of the
B2AR activity of individual vesicles (Figure 2c). The total
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B2AR activity at the internalized vesicles increases in 2 h and
then decreases to the basal level until around 6 h (Figure 2c).
The increasing phases of endosome population and total B2AR
activity take around 2 h, but the decreasing phase of the B2AR
activity is faster than the endosome population kinetics (Figure
2b,c), suggesting that the activity of B2AR decreases before its
complete degradation.

As the internalized B2AR is located at endosomes
maintaining its activity, the kinetics of the B2AR activity
during the endosomal trafficking pathway may be closely
related to the active B2AR-containing endosomal population.
Thus, we further investigated whether the B2AR activity
kinetics can be explained by a mathematical population model.
After various linear and nonlinear (exponential) models were
tested, we modified the equation of Ricker model®® as follows,
to compute the total area of the endosomal population (Figure
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2d, blue, R> = 0.9841). As expected, our model is also well
fitted to the kinetics of endosomal B2AR activity (Figure 2d,
gray, R* = 0.9866).

@ A
Ay =a, X cX (1 + l) x ")
t )
when t > 0, A, = X, a, ¢ < 1 and a, is a constant.

In eq 2, a, is the B2AR activity at endosomes measured by
FRET at time step t (the current generation); A, is the total
B2AR activity at endosomes up to step # k is the activation
capacity; ¢ is the discount rate; and r is the intrinsic growth
rate. Our activation dynamics model predicts the level of active
endosomal vesicles in the next generation (a,,;) with the level
of the previous generation (a,) with an intrinsic parameter to
adjust the scale (r) and the total accumulated activations (A,)
divided by the activation capacity (k). The magnitude of B2AR
activation increases until it reaches the activation capacity and
then decreases afterward because the resource needed for new
activation is exhausted and its degradation process is started.

Our GPCR activity kinetics model is modified from the
Ricker model,*” represented as a,,; = a, - e’ 1=%/0) in that the
population of the next generation (a,,;) is predicted from the
population of the current generation (a,) with an intrinsic
growth rate and the limited resources. Similarly, in our model,
the population of activated B2AR-containing endosomes at the
next time point (a,,) is predicted from the current population
(a). The intrinsic growth rate of the population may be
determined, positively by the strength of the stimulation and
negatively by endosome maturation and degradation pathway.

From the fitting curve shown in Figure 2d, we can calculate
the kinetic factors: T,,,,, the time to reach the maximum B2AR
activity or endosomal population, and T, and T,, the times to
reach the half value in the increasing and decreasing phases,
respectively. As shown by T, and T),, the decreasing phase is
slower than the increasing phase (Figure 2e), implying that the
long-term desensitization is generally slower than the B2AR
activation process. In addition, the increasing phases (T;) of
B2AR activity and endosome population are very similar, but
the decreasing phase (T,) of B2AR activity is about 40 min
faster than endosome population (Figure 2d,e). Indeed, the
endosomes containing active B2AR displayed by yellow-green
color disappear at around 4 h, while the endosomal population
with blue color is observed until 7—8 h (Figure 2b). When we
further calculated the average B2AR activity per endosome
area, the average B2AR activity sharply decreases after 4 h
(Figure 2f). These results suggest that the activity of B2AR
decreases earlier than its complete degradation at lysosomes.
No FRET change was detected by the negative control
biosensor (Figure 2f,g).

Spatial Distribution of the B2AR-Mediated cAMP
Production during Trafficking Pathway. During the
endosome maturation process, the internal pH becomes
more acidic;”’ thus, the trafficking stages of B2AR-containing
endosomes can be visualized in live cells by detecting the
changes of endosomal pH. Thus, we generated a B2AR-pH
sensor by replacing the FRET pair FPs with a pH-sensitive
pHTomato and a reference EGFP (Figure 3a). The
fluorescence of a pH-sensitive FP, but not a reference FP,
will markedly decrease at acidic pH;*" thus, the intensity ratio
of EGFP/pHTomato can report the acidity of the B2AR-
containing endosomes. Indeed, after the Iso treatment, the
B2AR-pH sensors visualize the acidification process of the

2015

B2AR-containing endosomes (Figure 3b,c). In particular, the
acidification is accelerated after 4 h, suggesting that B2AR is
located inside acidic environments such as late endosomes and
lysosomes. Consistently, we observed that the average B2AR
activity also decreases after 4 h (Figure 2f).

Finally, we investigated how spatiotemporal B2AR activity
mediates the production of cAMP during the endosomal
trafficking pathway. We first confirmed that B2AR is trafficked
from early endosomes, late endosomes, and then lysosomes by
checking the co-localization of the B2AR biosensor with
different endosomal markers (Figure SS). To detect the local
dynamic changes of cAMP level in live cells, a genetically
encoded cAMP indicator, pink Flamindo (pF)*” was further
fused to different endosomal markers, generating pF-RabS5, pF-
Rab7a, and LAMP2-pF (Figure 3d). Upon the agonist-
stimulated B2AR activation, pF-Rab$ reports an immediate
increase in cAMP levels that peaked at 2—3 h, followed by a
rapid decrease (Figure 3e), indicating B2AR function at early
endosomes. pF-Rab7a tethered at late endosomes shows
relatively slower but still increase of cAMP for a longer
duration until 3—5 h (Figure 3f). In contrast, no cAMP level
was detected by pF-LAMP2 at lysosomes (Figure 3g). These
results confirm that during the endosomal trafficking pathway,
active B2AR sequentially induces its downstream function
following its trafficking pathway for several hours before its
degradation at lysosomes.

B CONCLUSIONS

In summary, we characterized the spatiotemporal kinetics of
the agonist-induced B2AR activation, from a rapid activation at
plasma membrane to the long-term desensitization, throughout
the endosomal trafficking pathway. Utilizing the FRET-based
GPCR biosensor and cAMP indicators targeted at different
stages of endosomes, we learned that the B2AR activity is
sustained at the internalized endosomes and maintains cAMP
production for several hours before its long-term desensitiza-
tion. Our analysis program allowed us to accurately measure
the real-time GPCR activity and its downstream function at the
level of individual endosomes. In particular, our experimental
data of B2AR activity at the internalized endosomes is well
fitted to the new active-vesicle population model. As the
spatiotemporal kinetics of GPCR activity is critical for the
duration, potency, and functions, our systems can be further
utilized to investigate other GPCRs as well as various ligands.
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