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ABSTRACT: G-protein-coupled receptors (GPCRs) are structur- B2-AR BOD"’V\
ally flexible membrane proteins that mediate a host of physiological Sl o T
responses to extracellular ligands like hormones and neuro- y_ /2%, >/ /i.& N .
transmitters. Fine features of their dynamic structural behavior { el [ ol :
are hypothesized to encode the functional plasticity seen in GPCR ( 1 H L
activity, where ligands with different efficacies can direct the same I
receptor toward different signaling phenotypes. Although the ' 4 D o o5 15 2 25 35 4
number of GPCR crystal structures is increasing, the receptors are L. W - - PP~ P fimerm
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characterized by complex and poorly understood conformational
landscapes. Therefore, we employed a fluorescence microscopy
assay to monitor conformational dynamics of single 3, adrenergic
receptors (f,ARs). To increase the biological relevance of our
findings, we decided not to reconstitute the receptor in detergent
micelles but rather lipid membranes as proteoliposomes. The conformational dynamics were monitored by changes in the intensity
of an environmentally sensitive boron-dipyrromethene (BODIPY 493/503) fluorophore conjugated to an endogenous cysteine
(located at the cytoplasmic end of the sixth transmembrane helix of the receptor). Using total internal reflection fluorescence
microscopy (TIRFM) and a single small unilamellar liposome assay that we previously developed, we followed the real-time dynamic
properties of hundreds of single #,ARs reconstituted in a native-like environment—Ilipid membranes. Our results showed that §,AR-
BODIPY fluctuates between several states of different intensity on a time scale of seconds, compared to BODIPY-lipid conjugates
that show almost entirely stable fluorescence emission in the absence and presence of the full agonist BI-167107. Agonist stimulation
changes the $,AR dynamics, increasing the population of states with higher intensities and prolonging their durations, consistent
with bulk experiments. The transition density plot demonstrates that f,AR-BODIPY, in the absence of the full agonist, interconverts
between states of low and moderate intensity, while the full agonist renders transitions between moderate and high-intensity states
more probable. This redistribution is consistent with a mechanism of conformational selection and is a promising first step toward
characterizing the conformational dynamics of GPCRs embedded in a lipid bilayer.
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B INTRODUCTION observations were made possible by synthetic ligands with
efficacy profiles ranging from inverse agonists (suppress basal
activity) to full agonists (promote activation of Gs). It is
intriguing how structurally similar ligands can drive the
conformational ensemble to various different substates and
cause diverse responses.”

Recent crystallographic structures of distinct class A GPCRs
at different conformations reveal the mechanism of activa-
' They show that the largest conformational change
associated with receptor activation is an outward movement of

Most GPCRs bind signaling molecules on the extracellular
surface and interact with other proteins on the intracellular
surface in this way to form a signaling hub." Ligand binding
initiates conformational changes that propagate from the
extracellular surface to the intracellular surface of the receptor.
Therefore, signal transduction mediated by GPCRs is strictly
coupled to a conformational change. Activation of the receptor
stimulates G-proteins to bind the intracellular surface of
GPCRs.”” The bound G-protein becomes activated, triggering
signaling cascades.”

tion.

P.AR is a class A GPCR,; it preferentially couples to Gs over Received: December 22, 2023
Gi but does not couple Gq.” This and other related receptors Revised:  February 2, 2024
are highly dynamic structures, and even under basal conditions Accepted:  February 5, 2024

(ie, in the absence of any ligands), they exist in multiple Published: February 23, 2024

conformations.” Ligand binding shifts the conformational
equilibrium of the receptor, modulating their function. Such
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the cytoplasmic end of the sixth transmembrane helix (TM6).
Ensemble techniques reveal that even the most potent agonists
fail to fully stabilize $,AR in its activated conformation without
G-protein or stabilizing nanobodies present.'*”'® Thus, we
require inherently dynamic techniques that monitor transient
species to get a better picture of active-state conformational
dynamics. An older study demonstrated that a single-
fluorescein dye molecule coupled to the TM6 (at C265) of a
full-length f,AR mutant (G224L, C378A, and C406A)
monitors conformational substates of this receptor in detergent
micelles."” Recent ground-breaking single-molecule (SM)
study of the full-length minimal cysteine 8,AR-TMR (TMR
at C265) mutant in a detergent environment shows that the
fluorescence of a single-dye labeled $3,AR shifts its intensity-
lifetime upon full agonist binding.'® A ground-breaking study
of the full-length minimum cysteine $,AR mutant with a
Forster resonance energy transfer (FRET) pair label in
detergent micelles reports the movements of TM6 in the
presence of ligands.'” It shows that the ligands have distinct
efficacy profiles and have distinct effects on receptor structure,
dynamics, and G-protein coupling.'” TM6 of a Cy3-labeled
PrAR (Cy3 at Cys265; mutations E122W, C265A and C341A,
truncation beyond residue 348, and removal of residues 245—
249) in lipid nanodiscs also fluctuate with distinct efficacy
profiles.”” In a further study of $,AR (mutations E122W,
C327S and C341A, truncation beyond residue 348, and
removal of residues 245—249) in nanodiscs, movements of
TM7 were probed by Cy3 dye placed at residue Cys327.”'
There is an apparent discrepancy between time scales of
conformational dynamics reported previously'® > and phys-
iological responses measured in living cells.”” The reason
behind this is unclear: One possibility is that everything
happens differently in intact cells. It may be related to
precoupling of G-proteins to receptors, which does not occur
in our experiments. For the small number of receptors that are
precoupled to G-proteins in the cell, it is unlikely that the
duration of the state of unliganded receptors limits how fast
they can be interconverted into an active conformation upon
ligand binding. Another possibility is that the duration of states
does not determine the interconversion rate.

Here, we focused on characterizing the SM dynamics of the
B,AR when reconstituted in a lipid environment. The $,AR
receptor in our study was truncated at C365, labeled at the end
of TM6 on residue C265 with BODIPY 493/503, and was
reconstituted in proteoliposomes. Proteoliposomes were
immobilized on a biotin-polyethylene glycol-poly-L-Lysine-
functionalized (biotin—PEG-PLL) surface via neutravidin and
imaged with TIRFM.**~>* In previous work, purified 3,AR was
labeled at Cys26S with a variety of cysteine-reactive
fluorophores, which included versions of BODIPY fluoro-
phores, Alexa dyes, CyDyes, 1-(3-(succinimidyloxycarbonyl)
benzyl)-4-(5-(4-methoxyphenyl) oxazol-2-yl)pyridinium bro-
mide (PyMPO), and tetramethylrhodamine-maleimide
(TMR).*® Only TMR-5-,AR was found to combine sufficient
photostability with a clearly detectable and specific change in
fluorescence intensity upon agonist binding. Here, we employ
another dye called BODIPY 493/503 and label $,AR with it at
Cys26S. This particular dye was not tested in the previous
work,”® but it displayed analogous changes in environment
sensitivity and $,AR conformation via the TMR label. We
studied this receptor in the presence and absence of the full
agonist BI-167107. Also, we performed controls that further
support the suitability of BODIPY 493/503 as a conforma-
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tional reporter of the J,AR at the SM level. In broad
agreement with SM FRET experiments performed with a full-
length minimal cysteine ,AR mutant in detergent micelles,"”
our results revealed that this protein fluctuates between several
intensity states and that there is a clear shift in the equilibrium
distribution of $,AR upon full agonist binding (in a lipid
membrane environment). Our results showed that the
dynamics of a receptor truncated at C365 S,AR-BODIPY
493/503, in vesicles without G-protein, happen at longer time
scales than with a full-length minimal cysteine B,AR-TMR
mutant in detergent micelles.'® This agrees with $,AR-Cy3
(mutations E122W, C327S, and C341A, truncation beyond
residue 348, and removal of residues 245—249) experiments
performed in nanodiscs.”” In our work, ligand binding affected
both the dwell times of the intensity states and the
conformational pathways.

B MATERIALS AND METHODS

Preparation of Control Liposomes. Control liposomes
with BODIPY FL-DHPE (Molecular Probes) conjugate and
the lipid composition 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC)/cholesteryl hemisuccinate (CHS)/1,2-dioleoyl-
sn-glycero-3-phospho-rac-(1-glycerol) (DOPG)/1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE)-ATT0655/1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-
PEG(2000)-biotin (79.85:10:10:0.05:0.1) (Avanti polar lipids,
Steraloids Inc., ATTO-Tec) were prepared by evaporating
chloroform under argon and were dried 1 h under vacuum to
prepare a thin lipid film. This control sample had 1 molecule of
the BODIPY FL-1,2-dihexadecanoyl-sn-glycero-3-phosphoe-
thanolamine (DHPE) per 10000 lipids. The film was
resuspended in buffer (20 mM HEPES, 100 mM NaCl, pH
7.5) and vortexed for S min. Next, suspensions were freeze—
thawed in 7 cycles of liquid nitrogen/37 °C water and extruded
using 100 nm filters (Avanti polar lipids). These samples were
aliquoted, frozen using liquid nitrogen, and stored until
experiment at —80 °C.

Protein Reconstitution into SUVs. A functional single
reactive cysteine mutant of S,AR (B,AR—365-C265) was
expressed, purified, and labeled with BODIPY 493/503 methyl
bromide (BODIPY 493/503, 8-bromomethyl-4,4-difluoro-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene, Invitrogen,
B2103) as described previously.””** The B,AR protein
construct was tagged N-terminally with the signal sequence
MKTIHALSYIFCLVFA followed by FLAG epitope DYKDDD-
DA, the TEV protease recognition sequence ENLYFQGF, and
the coding sequence of human f,AR encompassing Gly2 to
Gly365. The truncation at 365 of §,AR removes two cysteines
in the C-terminal tail that would otherwise have been labeled
with BODIPY 493/503. An N-linked glycosylation site in
second extracellular loop (ECL2) was removed by mutation of
Asn187 to Glu.”” The 3,AR receptor was solubilized according
to methods described previously and purified using M1 anti-
FLAG antibody chromatography (Sigma) prior to and after a
purification by alprenolol-sepharose chromatography.”” We
select for properly folded functional 3,AR by the alprenolol-
sepharose chromatography purification step, and therefore, the
cysteines in ECL2 have intact disulfide bridges prior to
exposure to thiol-reactive BODIPY 493/503. The receptor was
labeled with 10 uM BODIPY 493/503 after the first M1
purification step in a receptor to a BODIPY 493/503 ratio of
1:6.6 for 45 min on ice. Any unlabeled available cysteines were
quenched with 2 mM iodoacetamide. 100 yuM TCEP was
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Figure 1. Labeling of #,AR with the BODIPY 493/503 fluorophore, ensemble spectroscopy results, and the assay of immobilized ,AR-BODIPY
493/503 proteoliposomes. (A) Side view of 5,AR overlaid Apo (2R4S PDB ID, orange) and full agonist BI-167107 stabilized (4LDE PDB ID,
wheat) crystal structures with simulated accessible volume (AV) clouds for BODIPY 493/503 at the C26S position. Distance change of AV centers
between Apo and full agonist stabilized form is ~15 A. (B) Bottom view of crystal structures shown in panel (A). (C) Results of the receptor in
proteoliposome activation measured in bulk by fluorescence spectroscopy. After 40 min incubation with the full agonist, we observed an increase in
BODIPY 493/503 intensity by ~17%. (D) TIRF microscopy assay to monitor SM conformational dynamics of f,AR-BODIPY 493/503 in
liposomes. Liposomes contained 0.05% ATTO655-lipid conjugates which allowed for colocalization with the receptor. Liposomes also contained
biotinylated lipids, which allowed for immobilization on glass surfaces functionalized with PLL—PEG/PLL—PEG-Biotin/neutravidin.

added to break up any potentially formed thiol-bridges
between receptor proteins. Although the $,AR and its disulfide
bridges tolerate the presence of 100 uM TCEP,” the 200-fold
higher concentration of iodoacetamide over the fluorophore
ensures that any potential BODIPY 493/503 labeling of
cysteines previously engaged in disulfide bridges is minimized
to insignificance. Based on the absorption spectrum, we
calculated that the molar ratio of BODIPY 493/503
incorporation is 0.15 mol BODIPY 493/503 to per mol
purified f2AR-BODIPY 493/503 in DDM/CHS. The labeling
is significantly lower than a 1:1 molar ratio, and therefore the
likelihood of other cysteines besides Cys26S being labeled is
low because Cys265 is the most solvent exposed cysteine in the
construct. The other cysteines are more buried in the protein
structure, palmitoylated, or form cysteine bridges.

Liposomes of the lipid composition DOPC/CHS/DOPG/
DOPE-ATTO6S5SS/DSPE-PEG2000-biotin
(79.85:10:10:0.05:0.1) (Avanti polar lipids, Steraloids Inc.,
ATTO-Tec) were prepared by evaporating chloroform under
argon and were dried 1 h under vacuum to prepare a thin lipid
film. The film was resuspended in buffer (20 mM HEPES, 100
mM NaCl, and 1% octylglucoside, pH 7.5), and the lipid-
detergent mixture was formed by sonication for 1 h in an ice—
water bath. Unlabeled $,AR was mixed with the labeled one to
achieve a 1:10 labeled-to-unlabeled ratio. The lipid-detergent
mixture and mixture of labeled and unlabeled f,AR were
added in the 1:1000 protein-to-lipid ratio. The lipid-receptor
mixture and sample buffer (20 mM HEPES, 100 mM NaC],
pH 7.5) (until 300 uL) were mixed and kept on ice for 2 h.
Proteoliposomes were formed by the removal of detergent on a
Sephadex G-50 (fine) column (25 cm X 0.8 cm). These
samples were aliquoted, frozen using liquid nitrogen, and
stored until experiment at —80 °C.

Single Proteoliposome Immobilization. Proteolipo-
somes were immobilized on a passivated glass surface in
home-built chambers and imaged by TIRF microscopy.
Chamber parts were cleaned extensively by using ethanol
and Milli-Q water (MQ; Millipore). Glass slides (thickness
170 + 10 um) were cleaned by consecutive rounds of
sonication by 2% (v/v) Helmanex following three washes (X3)
with MQ_and X2 with methanol. Glass slides were dried in
nitrogen flow, plasma etched for 2 min, mounted in a
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microscope chamber, and incubated with a mixture of 1000:6
PLL-g-PEG and PLL-g-PEG-biotin (SuSoS, Switzerland) (1 g/
L) in surface buffer (15 mM HEPES, pH 5.6) for 30 min. After
carefully washing with a sample buffer (20 mM HEPES, 100
mM NaCl, pH 7.5), we incubated the surfaces with 0.1 g/L
neutravidin (Life Technologies) in the surface buffer for 10
min after additional washing with sample buffer. Proteolipo-
some surface density was controlled by addition of 4 L (0.05
g/L) proteoliposomes to an 80 pL chamber volume. The
chamber was washed X 10 times in a sample buffer when the
desired surface density reached. Before imaging, sample buffer
containing 2.5 mM protocathechuic acid (PCA), SO nM
protocatechute-3,4-dioxygenase (PCD), and 1 mM 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was
injected into the chamber.

TIRF Microscopy. Fluorescence images were acquired on
an ECLIPSE Ti-E epifluoresence/TIRF microscope (NIKON,
Japan) equipped with 40S, 488, 561, and 647 nm lasers
(Coherent, California). All lasers are individually shuttered and
collected in a single fiber to the sample through a 1.49 NA,
X100, apochromat TIRF oil objective (NIKON, Japan). A
dichroic mirror for the 488 nm laser (ZT491rdcxt, CHROMA)
was used. The excitation light was filtered using a laser clean up
filter (ZET 488/10x, CHROMA). The emitted light was
filtered using a band-pass filter (ET bandpass 532/50,
CHROMA). Images were recorded with an EM-CCD camera
(iXon3 897, Andor). To keep the sample in focus over time,
we employed a perfect focusing system (NIKON, Japan).
Exposure time of the EM-CCD camera was set to 400 ms. We
sampled at various rates but did not observe different dynamics
below a 400 ms exposure. Such an exposure time also allowed
us to collect signals of sufficient quality with the chosen laser
excitation power density. The laser power was optimized to
achieve the best possible signal-to-noise ratio and long enough
bleaching time for the BODIPY fluorophore.

SM Data Analysis. As previously described, all data
analysis procedures were performed and graphs were prepared
in the Igor Pro 6.37 (Wavemetrics) program using a custom-
written analysis package (available upon direct request to the
author).* Briefly, SM signals (intensity versus time traces)
were extracted from automatically detected fluorescent spots
using a 2D Gaussian fitting with the center position and width
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kept constant. The intensity was expressed as a Gaussian
integral. SM signals were selected, and multiple molecules
containing signals were rejected manually. Also, signals that did
not bleach completely until the end of the trace were rejected.
For the intensity change point (ICP) detection, minimal
amplitude now was set to 1 standard deviation, and the sum of
the duration of state had to be longer than a set value of 12
points. We only accessed states with durations longer than 12
frames since we could reliably detect them using automated
detection algorithms that are unlimited in state number. The
standard deviation factor for ICP analysis was determined for
each trace individually by calculating the standard deviation of
10% piece from the end of the signal.

Bulk Fluorescence Spectroscopy. Fluorescence emission
spectra were recorded with a Horiba Jobin Yvon Fluoromax-4
spectrometer. For all spectra, the same Hellma 45 uL
microcuvette was used, slit width was kept constant at S nm,
and excitation was set at 488 nm wavelength. During the
experiment, the sample was injected into a cuvette, its average
fluorescence spectrum was measured (three scans averaged),
then the full-agonist BI-167107 was injected, and again an
average fluorescence spectrum was acquired after 40 min of
incubation time. The fluorescence intensity was calculated by
taking the integral of the average spectrum. The change of
fluorescence intensity upon the full agonist injection was then
calculated by subtracting the intensity with the full agonist by
the intensity without it.

B RESULTS AND DISCUSSION

Labeling p,AR with a Single Fluorophore for
Conformational Dynamics Studies. Upon activation by
an agonist, the TM6 of S,AR moves toward the plasma
membrane (Figure 1A,B).” According to an accessible volume
clouds simulation,”" this movement should be ~1.5 nm. Upon
a conformation change from the closed to opened state, the
intracellular end of TM6 experiences a change in the polarity
of its environment. The inside of the intracellular #,AR surface
contains tyrosine (Tyr) residues (in the inactive state of 5,AR,
Tyr141 of ICL2 is closer to Cys265 (~10 to 15 A) compared
to the active state, where TM6 moves away from TM3 and
ICL2 curls up into helix further displacing Ty141) that can
quench fluorophores.”*~** Thus, labeling the cytoplasmic end
of the TM6 with a fluorophore sensitive to those factors can
monitor fluorescence changes related to the conformational
dynamics of the protein. Similar approaches have been applied
to study activation of this protein in bulk with several different
fluorophores or with a fluorophore-quencher pair.”**>*°

In this work, we labeled f,AR with the BODIPY 493/503
fluorophore. It was demonstrated that BODIPY FL, TMR, and
other dyes are quenched by the Tyr residue,”** but the size of
BODIPY fluorophores compared to TMR (and its distance
sensitivity to the Tyr residue) makes it more favorable for SM
imaging.”” It was suggested that the brightness of BODIPY
493/503 increases upon the change in environment from water
to lipids, but its sensitivity to neither Trp nor Tyr was tested.*®
We tested the effect of different solvents and Tyr and Trp to
this dye using absorption, fluorescence emission, and
fluorescence lifetime spectroscopy. These experiments con-
firmed that polarity is indeed important, and BODIPY 493/
503 is sensitive to the polarity of the environment (SI Figure
1A,D,G). Its absorption spectrum is really sensitive to
environmental polarity, shifts toward the shorter wavelengths,
and becomes wider upon change in polarity from cyclohexane
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(CHX) to water (SI Figure 1A). Its fluorescence spectrum
peak position was only marginally affected by the change in
polarity, while fluorescence intensity dropped down upon the
polarity change caused by changing from CHX to water (SI
Figure 1D). Also, in water, we observed a second fluorescence
peak at ~650 nm wavelength. Fluorescence decay kinetics were
only marginally affected by the change in polarity, and slower
kinetics for the red-peak were found in water (SI Figure 1G).
In absorption spectra, we observed more clear Trp quenching
of BODIPY 493/503, while Tyr had only a minor effect (SI
Figure 1B,C). Indeed, at such a high #M concentration of Trp/
Tyr, the average distance between the fluorophore and the
quencher is >1.5 nm, and therefore, it is not sufficient to
induce full quenching of BODIPY 493/503,>" but it is a good
indicator for more detailed photophysics studies of this dye at
the SM level.”

Therefore, we attached a BODIPY 493/503 fluorophore to
the intracellular end of TM6 in a truncated single reactive
cysteine mutant of $,AR ($,AR—365-C265) (Figure 1A,B).
The missing part of the C-terminal tail does not significantly
affect the dynamics and conformational changes of the TM
domain as agonist-induced responses from bimane-labeled full-
length $,AR (with 4 K.O. cystines incl. the two in C-term) and
the truncated (at 365) S,AR look indistinguishable in
detergent.'>** It also behaves similarly in living cells: The
binding affinities of such truncated J,AR for tritiated
antagonist dihydroalprenolol (1.02 nM in insect cell
membranes and 0.55 nM in nanodiscs, 1.05 nM purified
receptor reconstituted in liposomes)*”*' and agonist iso-
proterenol (290 nM in insect cell membranes and 107.5 nM in
nanodisc, 640 nM purified receptor reconstituted in lip-
osomes)*’~* were measured previously. The dihydroalpreno-
lol (0.66 nM in insect cell membranes) and isoproterenol (160
nM in insect cell membranes) affinities are similar to that of
full-length versions of the f,AR where cysteines have been
knocked-out.”> This suggests that the lipid environment
surrounding the receptor has a larger effect on the receptor
functional state than whether the C-terminal tail is full length
or truncated by ~40 a.a.

The labeled protein was reconstituted into vesicles
composed from DOPC, DOPG, cholesterol, a low amount of
biotinylated lipid, and a red fluorescent dye-lipid conjugate.
Cholesterol and negatively charged lipids are important for the
function of this GPCR, and DOPG is important for the
structural stability of vesicles and for reducing the multi-
lamellarity of vesicles. Orientation of receptors in such
proteoliposome preparation was quantified previously and it
contained a uniform receptor orientation (f,AR 90% outside
out).”® We used a ratio of 1:10 000 labeled protein to lipid; the
ratio of labeled to unlabeled protein was 1:10. This was
important to achieve a higher amount of liposomes, with one
fluorescently labeled receptor per liposome. Also, ,AR forms
clusters,"**> and we optimized our sample to have a single
labeled receptor per cluster and per vesicle.

We tested the functionality of the B,AR proteoliposome
sample at the ensemble level using fluorescence spectroscopy.
This revealed a potent functional response to full-agonist BI-
167107 binding. The intensity of BODIPY 493/503
fluorescence emission increased upon the full-agonist injection
by roughly 17%, while the control showed no increase (Figure
1C). This fluorescence increase was comparable to the
previously reported increase of B,AR-TMR upon agonist
activation.”
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Figure 2. Single-molecule (SM) traces and SM emission population plots. (A) Representative SM trace of BODIPY-lipid conjugates in liposomes
and (E) f,AR-BODIPY 493/503 in liposomes. Black lines indicate detected states by the automated intensity-change-point (ICP) detection
algorithm. (B, C) SM population plots of BODIPY-lipid conjugates in liposomes and (F, G) $,AR-BODIPY in liposomes. (B, F) are in the absence
of full agonist BI-167107, and (C, G) are in presence. (D, H) Vertical line scans of SM population plots from 0 until S s for BODIPY-lipid
conjugates, and from 0 until 10 s for f,AR-BODIPY 493/503 conjugates. The number of molecules included in each plot is indicated on top of
each plot, and plots are normalized to PDF. Color code indicated in the inset of plots represents probability.

SM Fluorescence Microscopy of p,AR Proteolipo- of intensities before bleaching occurs (Figure 2D,H). These
somes. To monitor conformational dynamics of S,AR- plots showed two main peaks for the control liposome sample
BODIPY in proteoliposomes, we employed TIRF microscopy containing BODIPY-lipid: the first peak represents an emitting
and functional proteoliposome immobilization on the surface. state with center at ~800 au and the other—bleached state,
The biotinylated lipid introduced into the lipid composition of which was centered at 0 au (Figure 2D). In contrast, for the
the proteoliposomes allowed us to anchor proteoliposomes via S,AR-BODIPY 493/503 proteoliposomes, we observed a
neutravidin onto the PLL—PEG/PLL—PEG-biotin (10:1) broader distribution of intensities that appeared to reflect the
modified glass coverslip surface (Figure 1D). As demonstrated conformational transitions of the receptor (Figure 2H). The
previously, thig 4i7mmobilization strategy allows liposomes to presence of the full-agonist slightly shifted the main fluorescent
remain intact.”""" Labeling directly the proteoliposomes with a state of the control sample (~400 au), but did not broaden it.
lipid-dye conjugate allowed us to colocalize receptor and This suggests that BI has an effect on BODIPY fluorescence.

liposome signals and thus exclude nonreconstituted receptors However, since AR in our proteoliposomes is oriented

from f?rthﬁr analysis.f\/V'e V\{ere thus ablle tolfollow dyn'amics 9f correctly (mainly outward-out),”® the BODIPY 493/503 dye
TM6 or }mdred's of single ﬂZA.R'mo_ecu es reconstltu.ted n always faces toward the inside of proteoliposomes, while never
the native-like environment of a lipid bilayer membrane in real . . . . .

. directly interacting with the ligand. Such unwanted photo-
time. physical effects on a reporter’s fluorescence emission are more

Functionality of the' samPle and the fa'ct that the BODIPY problematic for nanodiscs and detergent micelle reconstituted
493/503 fluorophore is quite stable motivated us to perform BAR e, 1820
AR samples.

SM TIRF microscopy mea§urements. In these measurements, For the },AR-BODIPY 493/503 proteoliposomes upon the
we acquired two channel images: green (BODIPY) and red ) RN
. . full-agonist treatment, we observed redistribution of the states
(lipid-dye) channels. The green and red channel images were B s
red . o (Figure 2H). Probability of the moderately fluorescent states
acquired respectively under excitation at 488 and 647 nm. An . o :
automated custom-written analysis procedure was used to decreased while the probability of the higher fluorescent states
increased. This result was similar to the previous studies with

perform detection of fluorescent spots in the acquired images X : - '
and to check for their colocalization between these two TMR-labeled f,AR in detergent micelles. ™ However, previous

channels. Only colocalizing spots that fitted well the 2D Work .with PAR-Cy3 in r}anodiscs showe'd‘a flecrease‘in
Gaussian function were taken into account. From these spots, %nte.n51ty upon full a.g'or.ust formoggrol injection, which
by fitting 2D Gaussians to each frame in the image series, we indicates different sensitivity of Cy3.™ Also, BODIPY 493/

extracted intensity over time traces (Figure 2A,E). These traces 503 on /AR in proteoliposomes, compared to BODIPY-lipid
were manually inspected, and only those that fulfilled criteria in control liposomes, became brighter and more photostable.
for single-molecules were included into the plots presented This effect is likely caused by closer proximity to the
below. hydrophobic environment once the BODIPY 493/503 is
To represent ensemble average behavior of the SM coupled to the protein. The bulk intensity change (Figure 1C)
population, we overlaid all selected SM traces onto SM and the calculated average change (SI Figure 2) in intensity
population traces plots (Figure 2B,C,F,G). From these plots, from SM signals (Figure 2H) shifted similarly (~16%) to bulk

we made vertical line-profiles that represented the distribution spectroscopy.
2128 https://doi.org/10.1021/acs.jpcb.3c08349
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Figure 3. State duration 2D histogram plot of $,AR-BODIPY 493/503 in liposomes. (A) in the absence and (B) in the presence of the full agonist
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Conformational Dynamics of #,AR in Proteolipo-
somes. To characterize the conformational dynamics of #,AR-
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BODIPY 493/503 in liposomes, we employed an automated
intensity-change-point (ICP) detection algorithm that is not
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limited to a predefined number of states.””*® This analysis
algorithm allowed us to detect stably emitting states in the
selected SM traces (Figure 2E) and provided their character-
istics: state duration, average intensity, and transition paths.
Information obtained by ICP detection was summarized using
the 2D state duration histogram plot (Figure 3A,B). These
plots represent duration of state n on the x-axis of the plot and
average intensity of the corresponding state—on the y-axis. The
color scale of these plots represents the probability to detect a
given state at a certain point. The obtained plots showed
dispersed distribution of state durations and intensities. The
peak of distribution in the basal state compared to the full
agonist bound was at lower intensities (1800 au compared to
3500 au), but roughly at the same state durations. This effect
was present in the vertical line scan taken at shorter duration
states (Figure 3E). We interpreted these findings as indications
that binding of the full agonist shifts conformation of the
protein toward the open-facing state but only marginally affects
the duration of states.

To gain a more detailed view of state durations, we made
two horizontal line scans of these 2D plots (Figure 3C,D). A
horizontal line scan taken at lower intensity states showed that
the probability of shorter duration states in the presence of the
full agonist is lower than without it. In contrast, the line scan
taken at higher intensity states showed that probability of
practically all duration states in the presence of the full agonist
is higher than without it (Figure 3D). That suggested that the
full agonist causes stabilization of higher intensity states
(becomes longer) at the expense of lowering the probability of
the lower intensity states. However, the duration of states
observed was not highly affected upon the full agonist binding.
These conclusions are in qualitative agreement with the results
of two previous studies.'®"’

To understand the conformational transitions of this
protein, we made 2D transition density plots from information
obtained by using the ICP algorithm (Figure 4). These plots
represent an average intensity of state (n) at the x-axis of the
plot and an average intensity of the following state that
proteins transits to (n + 1) — on the y-axis. The color scale of
these plots represents the probability to detect a given state.
These plots showed a mirror view along the diagonal, and this
indicated that the system is under equilibrium. In the absence
of the full agonist, the receptor was mainly transiting between
states of lower intensity (Figure 4A). This included transition
from states having average intensity close to 2000 au into states
1500 au Only rarely protein was transiting in between states
with higher intensity. In contrast, the full-agonist binding to
the protein induced transition between higher intensity states.
The most probable transition became from states of 3500 au
into 2000 au The whole distribution showed that there are
more than two states, but rather populations of substates that
our probe is able to report. This was most evident in the
absence of the full agonist, where the main peak appeared to be
composed out of two populations: one representing transition
from 1800 au into 1500 au and the other representing
transition from 2300 au into 1800 au The low probability of
transitions from completely quenched states into highly
fluorescent states indicated that the receptor’s dominant
transitions are affected and it rarely takes a transition from
completely closed into fully opened conformation. Thus,
ligand binding seems not to induce a pathway that is not
sampled before, but it changes the most dominant transitions
of this protein. However, differences between intensity and our
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signal-to-noise ratio did not allow us to discriminate these
states in more detail.

A previous study of a full-length minimal cysteine $,AR-
TMR (TMR at C26S5) mutant in a detergent environment,
which was labeled at the same position of C265 but with a
different environmentally sensitive dye—TMR, revealed a shift
in dye intensity-lifetime space toward higher values upon the
full agonist BI-167107 binding.'® This technique allowed the
measurement of time scales of interconversion of fluctuating
states that lasted from milliseconds to seconds. It also showed
that the state dwell times increased from ~130 to ~200 ms
upon full agonist binding.

The more recent study of a full-length minimal cysteine
B,AR mutant, which was labeled at 266C and 148C positions
with a FRET pair, in detergent micelles tracked movements of
the TMG6 in the presence of ligands with distinct efficacies and
determined the effects on the receptor structure, dynamics, and
G-protein coupling.'” This study revealed that partial and full
agonists differentially affect TM6 fluctuations in two different
ways: (1) the rate at which GDP-bound f3,AR-Gs complexes
are formed and (2) the efficiency of nucleotide exchange. Both
of these actions lead to Gs activation. They also showed
insights of transient nucleotide-bound S,AR-Gs species that
are distinct from known structures and provided potential
insights into the allosteric link between ligand-and nucleotide-
binding pockets. Without G-protein FRET trajectories
revealed only rare fluctuations (around 1 min dwell time),
but correlation analyses revealed clear signatures of fast (~10
ms dwell time, which is below the time resolution of 100 ms
that they have used in all experiments) reversible TM6
movements. By this measure, more rapid TM6 dynamics were
observed in agonist-bound samples than antagonist-bound
samples.

The study of lipid nanodisc-reconstituted ,AR-Cy3 (Cy3 at
Cys26S, contained E122W, C327S, and C341A mutations, was
truncated at residue 348, and residues 245—249 were
removed) revealed that this receptor spontaneously transits
between two distinct conformational states (inactive and
active) and their dwell time was in the range of 0.2—2 5. In
the apo form, the receptor was sampling both conformations
with a bias toward the inactive state. Binding of the full-agonist
formoterol shifted conformational distribution toward the
active-like conformation, whereas binding of the inverse
agonist ISI-118,551 favored the inactive conformation. Also,
binding of formoterol increased the frequency of activation
transitions at the expense of reduced frequency of deactivation
transition events. In contrast, the inverse agonist increased the
frequency of deactivation transitions.

In comparison to this, our study with vesicle-reconstituted
PLAR-BODIPY 493/503, which was truncated at C365 and
labeled at the end of TM6 on residue C265 with BODIPY
493/503, characterized dwell times of different average
intensity states that lasted from long milliseconds to minutes.
Our results, as well as the aforementioned TMR-based study of
the full-length minimal cysteine $,AR mutant in detergent
micelles, showed that probability and dwell time of the higher
intensity states increased. However, our study revealed slower
dynamics of TM6 and due to longer observation times enables
tracking of the dominant conformational transition. This
helped us suggest that interconversion between states of higher
intensity is more probable upon the full agonist binding.

In agreement with the aforementioned Cy3-labeled f,AR
studies in lipid nanodiscs,”® our results suggested that the
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receptor fluctuates between several states of different intensity
and that there is a clear shift in the equilibrium distribution of
BAR upon full agonist binding in a lipid membrane
environment. In the f,-AR-Cy3 study, Cy3 intensity decreased
upon full agonist injection, while in our study and f,-AR-TMR
study, intensity of the reporter increased upon the full agonist
injection. That demonstrates Cy3 sensitivity to different factors
compared to the environment polarity. Additionally, in our
study, ligand binding appeared to have an effect on the dwell
times of states and the dominant transitions.

B CONCLUSIONS

In this work, we correlated activities of the $,AR with time-
dependent changes in the fluorescence intensity of an
environmentally sensitive BODIPY 493/503 fluorophore
attached to the native cysteine residue found at the
intracellular end of transmembrane helix 6 (TM6) of $,AR.
Intensity changes in BODIPY 493/503 fluorescence report on
changes in the TM6 position that accompany £,AR activation.
Associations of this kind have been made for other
environmentally sensitive fluorophores linked to TMS6, such
as bimane and TMR,**° where the movement of TM6 alters
the local quenching phenomenon of the attached fluorophore
to change its effective rate of photon emission. However,
specifically for BODIPY 493/503 environmental sensitivity was
not studied yet, and here we demonstrated that its absorbance
is sensitive to polarity and Trp/Tyr, while fluorescence is only
marginally sensitive to those factors under our experimental
conditions. This SM level study of B,AR conformational
dynamics was conducted in lipid vesicles, which is a native-like
environment. Surface tethering of fluorescently labeled
proteoliposomes allowed us to perform long-lasting stable
observations of hundreds of SM S,AR receptors in parallel.
Lipid-dye and BODIPY 493/503 colocalization helped us
easily select only liposome-reconstituted preceptors and
discard nonreconstituted proteins from the analysis. Our
results show that $,AR-BODIPY fluctuates between several
states of different intensity on a time scale of seconds, while
BODIPY-lipid conjugates have rather stable fluorescence
emission in the absence and presence of the full agonist BI-
167107. Full agonist stimulation changes the $,AR dynamics,
increasing the population of states with higher intensities and
slightly prolonging their duration (consistent with bulk
experiments). In addition, our data suggest that in the absence
of the full agonist, #,AR-BODIPY interconverts between states
of low and moderate intensity, while the full agonist induces
change in the conformational distribution of the receptor so
that transitions between the moderate and high-intensity states
become more probable. This redistribution is consistent with a
mechanism of conformational selection. Results of ligand
binding affinity studies of S,AR in detergent, nanodiscs,
vesicles, and living cells*"~** and comparison of dwell times in
previous SM conformational dynamics reports done in either
detergent micelles'®'® or nanodiscs™® together with our results
in vesicles suggest that the lipid membrane plays a role in
slowing down TM6 conformational transitions of S,AR.
Capturing $,AR conformational dynamics at the SM level in
a lipid bilayer is a promising first step toward characterizing
conformational dynamics of GPCRs in more complex native
cellular membranes.
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