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To study GPCR conformational dynamics in live cells, here we
report an integrated approach combining enzymatic SNAP-
tagging with bioorthogonal chemistry for dual fluorescent labeling
of GLP-1R. The resulting GLP-1R conformational biosensors permit
a FRET-based analysis of the receptor subdomain movement in
response to ligand stimulation in live cells.

Introduction

Despite the rapid progress in the structural elucidation of class
B G protein-coupled receptors (GPCRs) using the cryo-EM
technique, our understanding of GPCR conformational
changes in response to ligand stimulation in the native cellular
environment remains limited." Since conformational dynamics
underlies crucial GPCR functions such as basal activity, maximum
activity, and ligand signaling bias, our improved understanding
will be of paramount importance to the design of the next-
generation therapeutics with reduced side effects. Therefore, there
is an urgent need to design GPCR biosensors that report receptor
conformational transitions in real-time in live cells. To this end, a
successful strategy exploits the fusion of two fluorescent proteins
(FPs), usually CFP and YFP, to enable Forster resonance energy
transfer (FRET)-based single-cell analysis."™ Due to its restriction
to the N- or C-terminus of a protein, FP fusion is unsuitable
for detecting GPCR subdomain movements during activation.
One strategy to overcome this problem involved the insertion
of a peptide tag called fluorescein arsenical hairpin (FIAsH) into
the conformational mobile loop region.® Another combined an
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enzymatic SNAP-tag with bioorthogonal site-specific labeling of a
membrane-localized bacterial protein.” More recently, a strategy
involving dual genetic encoding of two unnatural amino acids
followed by a pair of mutually exclusive bioorthogonal reactions
was reported to insert FRET pairs to a yeast protein site-
specifically.® However, none of these strategies have been
employed to construct biosensors to monitor class B GPCR
dynamics.

To study the conformational dynamics of class B GPCRs in
live cells, we have recently reported a bioorthogonal chemistry
strategy® ** for site-specific fluorescent labeling of GCGR and
GLP-1R—two members of class B GPCR family that regulate
blood glucose.’® Our strategy builds upon the significant
advances in designing strained alkenes/alkynes'” that can be
site-specifically incorporated into proteins via genetic code
expansion and serve as robust reaction partners for superfast
tetrazole''* or tetrazine-based® bioorthogonal reactions.
Compared with site-specific incorporation of fluorescent amino
acids into proteins in mammalian cells,">'® bioorthogonal
fluorescent labeling minimizes structural perturbation. In
addition, it permits the selection of suitable fluorophores with
desirable photophysical properties later, which is extremely
valuable for FRET-based experiments. In the present work, we
report the successful dual fluorescent labeling of GLP-1R in live
cells by combining bioorthogonal labeling with the enzymatic
SNAP-tag (Fig. 1). The resulting dually labeled GLP-1R bio-
sensors allow us to perform single-cell FRET experiments and
determine the energy transfer efficiencies in response to two
GLP-1R peptide agonist stimulation.

Results and discussion
Incorporation of unnatural amino acids into SNAP-GLP-1R

To identify suitable sites for fluorophore placement, we
compared the cryo-EM structures of GLP-1R in the inactive
and active states.'”'® We noted that extracellular loop 3 (ECL3)
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(a) Scheme for dual labeling of GLP-1R in HEK293T cells. ECD, extracellular domain; TMD, transmembrane domain. (b) Structures of the BG and

tetrazine reagents used for enzymatic tagging and bioorthogonal labeling, respectively.

undergoes an outward movement upon ligand binding and
activation (ESI,T Fig. S1), suggesting this region could serve as a
potential site for unnatural amino acid (UAA) mutagenesis.
On the other hand, our previous studies have shown that
the N-terminus of GLP-1R can be modified without affecting
receptor activity.” Importantly, the distances between residues
located at ECL3 and those at the N-terminus show substantial
changes after receptor activation (Fig. Sic and d, ESIt), indicating
that these two sites are suitable for dual fluorophore labeling and
subsequent FRET analysis. Thus, we co-transformed HEK293T
cells with two plasmids: one encoding GLP-1R containing a SNAP-
tag at the N-terminus and an amber codon at one of four ECL3
sites (H374, R376, G377, and T378); the other encoding an
orthogonal PylRS/tRNA pair for charging BocK or SphK (Fig. 1a).
We also expressed an extracellular domain (ECD) mutant with an
amber codon placed at D59 as a control. We assessed the
expressions of BocK-encoded SNAP-GLP-1R mutants by treating
the transfected cells with BG-FL for 30 min followed by confocal
microscopy. Compared to the wild-type (WT), three ECL3 mutants
(R376, G377, and T378) showed lower expressions, while the D59
mutant showed similar expression (Fig. 2a and Fig. S2, ESIT).
We then performed a cAMP accumulation assay® to probe how
UAA mutation affects receptor activity. Compared to the WT, the
D59 and R376 mutants gave 5-8-fold higher ECs, values accom-
panied by lower E,,,, whereas the T378 mutant showed a 1000-
fold increase in ECs, but only 4-fold lower E... (Fig. 2b and
Fig. S3, ESIf) for the native GLP-1 ligand. Surprisingly, the
G377 mutant was completely inactive, suggesting that this loop
mutation may have caused significant perturbation to the GLP-1R
structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry

D59BocK H374BocK

R376BocK G377BocK T378BocK

SNAP-GLP-1R variant PECs, ECso (nM) Emax
wT 10.68+0.13 |  0.021 9743
D59BocK 10.01£0.13 | 0.098 23+ 1
R376BocK 9.79+0.19 0.161 1141
G377BocK NA NA NA
T378BocK 7.64 £0.40 22.83 2544

Fig. 2 (a) Confocal micrographs of HEK293T cells expressing SNAP-GLP-1R
mutants encoding BocK at various solvent-exposed positions as marked on
the inactive GLP-1R structure (PDB code: 6LN2). Cells were treated with 5 uM
BG-FL for 30 min before image acquisition. Scale bar = 20 um. (b) Receptor
activity of the SNAP-GLP-1R variants as assessed by the intracellular cAMP
accumulation assay. pECso value represents negative logarithm of the
concentration of GLP-1 that produces half of the maximal response. Epay iS
presented as % of the maximum WT response. NA, not active. See Fig. S3
(ESIt) for the response curves.

Bioorthogonal labeling of SNAP-GLP-1R

To examine whether SphK can be incorporated site-specifically
into the permissive ECL3 sites similar to BocK, we monitored
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Fig. 3 Confocal micrographs of HEK293T cells expressing SNAP-GLP-1R
wild-type or mutants encoding SphK at the indicated positions. Cells were
treated with (a) 5 uM BG-FL for 30 min or (b) 5 uM DpTz-FL for 1 h before
image acquisition. Scale bar = 10 pm.

the expression of SNAP-GLP-1R mutants encoding SphK at D59,
R376, and T378 positions by confocal microscopy after treating
HEK293T cells with BG-FL. Compared to the WT, all mutants
showed lower expressions on the cell membrane as visualized
in the FL channel (Fig. 3a and Fig. S4, ESIT). To probe whether
the incorporated SphK is accessible to bioorthogonal reaction,
we treated the SphK-encoded cells with DpTz-FL and monitored
the reaction by confocal microscopy. To our delight, we found
that two ECL3 mutants (R376SphK and T378SphK) gave effi-
cient labeling while the WT control did not, indicating a high
level of specificity for the tetrazine-mediated bioorthogonal
labeling (Fig. 3b and Fig. S4, ESIt). Notably, bioorthogonal
labeling efficiency appears comparable to enzymatic SNAP-
tagging for the SphK-encoded mutants (compare Fig. 3b to 3a),
indicating that the lower fluorescence intensities for the mutants
relative to the WT are likely a result of the intrinsically low amber
codon suppression efficiency.

Dual fluorescent labeling of SNAP-GLP-1R

With the constructs fully validated, we turned our attention to
dual fluorescent labeling of the SphK-encoded GLP-1R
mutants. For efficient FRET, a suitable FRET donor/acceptor
pair need to be identified. To this end, we evaluated two sets of
matching labeling reagents, BG-FL/DpTz-Cy3 and BG-Cy3/
DpTz-AF647, in a sequential enzymatic tagging/bioorthogonal
labeling scheme (Fig. 1). We first tested dual-labeling with
the SNAP-GLP-1R-T378SphK mutant because it gave a higher
enzymatic tagging and bioorthogonal labeling efficiency (Fig. 3).
Sequential treatment of HEK293T cells expressing SNAP-GLP-1R-
T378SphK with fluorescent BG and DpTz reagents led to success-
ful dual-labeling, as evidenced by the fluorescence signals in the
FRET channel as well as the perfect overlay in confocal micro-
graphs (top rows, Fig. 4a and b). To determine FRET efficiency,
we used an acceptor photobleaching method,"® in which half of
a cell was photobleached to knock out the acceptor. The FRET
efficiency was 23 £ 2% for the FL/Cy3 pair and 14 + 6% for the
Cy3/AF647 pair. These results were consistent with the loss of
fluorescence signals in the Cy3 channel and enhanced green
fluorescence signal in the overlaid micrographic images for the
photobleached region (bottom rows; Fig. 4a and b). The higher
FRET efficiency observed for the FL/Cy3 pair can be attributed to
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a. FL/Cy3 pair

FL FRET DIC Cy3

Overlay

b. Cy3/AF647 pair

Cy3 FRET AF647

labeling of SNAP-GLP-1R-T378Sph in
HEK293T cells as monitored by confocal microscopy. Cells were treated
with (a) 5 uM BG-FL for 30 min followed by 5 uM DpTz-Cy3 for 1 h; (b) 5 uM
BG-Cy3 for 30 min followed by 5 uM DpTz-AF647 for 1 h. Top rows, before
acceptor photobleaching; bottom rows, after acceptor photobleaching.
Red boxes mark photobleaching regions. Scale bar = 5 um.

Fig. 4 Dual fluorescent live

a more significant overlap between the emission band of FL and
the absorption band of Cy3 (Fig. S5, ESIt). Therefore, in our
subsequent studies, we decided to use the FL/Cy3 dually
fluorescent-labeled GLP-1R as a conformational biosensor.

FRET measurements in response to ligand stimulation

Inspection of the activated GLP-1R structure revealed that the
ECL3 loop moves outward from the ligand-binding site com-
pared to the inactive structure; simultaneously, the N-terminus
of GLP-1R appears to move closer to the ligand-binding pocket,
leading to a potentially shorter distance between the ECL3 and
the N-terminus (Fig. S1, ESIT). To probe if we can detect this
conformational change with a dually labeled GLP-1R biosensor,
we compared the FRET efficiency before and after stimulation
with a peptide agonist. We hypothesize that GLP-1R will exist
predominantly in the ligand-bound active state at high ligand
concentrations, resulting in a shorter interdomain separation
and thus a greater FRET efficiency (Fig. 5a). We subjected the
SNAP-GLP-1R-T378Sph biosensor to stimulation by one of two
peptide agonists, GLP-1 and OXM-7. We selected OXM-7
because it activates GLP-1R and GCGR with equal but modest
potency.”® To our surprise, the FRET efficiencies remained
unchanged after ligand stimulation (Fig. 5b). Similar results
were obtained with the SNAP-GLP-1R-R376Sph biosensor, even
though the absolute FRET efficiency values varied depending
on the peptide ligand (Fig. 5b), which is likely due to a variation
in acceptor labeling density in different samples. Three factors
can explain the lack of detectable FRET efficiency change.
First, we used the SNAP-tag to introduce the FRET donor at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Scheme for inter-domain movement upon ligand stimulation to
activate the with the dually fluorescent labelled GLP-1R monitored by
FRET. (b) Measured FRET efficiencies before and after ligand stimulation.
The numbers in parenthesis represent the individual cells used in acceptor
photobleaching to determine FRET efficiency as reported in mean +
standard deviation. Representative confocal micrographs used for deter-
mining FRET efficiencies are shown in the ESI, T Fig. S6-S9.

the N-terminus of GLP-1R. The SNAP domain (~19.4 kDa)
movement may not sync with the ECD movement (discordant
movement), tempering any time-sensitive FRET signal change.
Second, after the extended peptide agonist treatment (10 min),
the activated GLP-1R biosensors may have undergone endocy-
tosis, depleting the fraction of the activated receptors at the cell
membrane where FRET measurement was performed. Indeed,
we detected the punctuated fluorescent biosensors in the
cytosol upon ligand stimulation in the confocal micrographs
(Fig. S6b, S8b and S9b, ESIt). Third, the dually labeled recep-
tors may possess substantially reduced receptor activity, which
decreases the fraction of the activated receptors in the con-
formational ensemble. The confocal micrographs clearly
showed variations of receptor internalization depending on
the specific biosensor and the peptide ligand. For example,
the dually labeled SNAP-GLP-1R-T378SphK biosensor showed
robust ligand-induced internalization after GLP-1 treatment
(Fig. seéb, ESIf) but minimum internalization after OXM-7
treatment (Fig. S7b, ESIt).

Conclusions

In summary, we have demonstrated successful dual fluorescent
labeling of GLP-1R in live cells through an enzymatic SNAP-tag
and bioorthogonal labeling. Specifically, we identified two sites
within the conformationally mobile ECL3 region that tolerate
unnatural amino acid mutagenesis with a modest reduction of
receptor activity. The SphK incorporation at the ECL3 permitted
the site-specific installation of a FRET acceptor, which, together
with the placement of a FRET donor through SNAP-tag,
afforded the GLP-1R biosensors in live cells. Using the acceptor

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

photobleaching method, we compared the efficiencies of FL/
Cy3 and Cy3/AF647 FRET pairs and found the FL/Cy3 pair to
give higher efficiency. However, two FL/Cy3-labelled SNAP-GLP-
1R biosensors did not produce the expected FRET changes
upon ligand stimulation, suggesting that additional factors
need to be considered in the design of FRET-based GPCR
biosensors. To this end, future work will focus on increasing
synchronization between the fluorophore and the domain of
interest, e.g., by optimizing the linker length and rigidity
between the SNAP-tag and the receptor N-terminus to obtain
favorable orientation factor and distance, performing
perfusion-based real-time measurements, and identifying
incorporation/modification sites with minimum perturbation
to receptor function. Alternatively, an environmentally sensitive
fluorophore can be placed at the ECL3 to sense the local
polarity change during the receptor activation. Work along
those lines is currently underway and will be reported in due
course.
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