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None of the current superresolution microscopy techniques can
reliably image the changes in endogenous protein nanoclustering
dynamics associated with specific conformations in live cells. Singledomain nanobodies have been invaluable tools to isolate defined
conformational states of proteins, and we reasoned that expressing
these nanobodies coupled to single-molecule imaging-amenable
tags could allow superresolution analysis of endogenous proteins
in discrete conformational states. Here, we used anti-GFP nanobodies tagged with photoconvertible mEos expressed as intrabodies, as a
proof-of-concept to perform single-particle tracking on a range of GFP
proteins expressed in live cells, neurons, and small organisms. We next
expressed highly specialized nanobodies that target conformationspecific endogenous β2-adrenoreceptor (β2-AR) in neurosecretory
cells, unveiling real-time mobility behaviors of activated and inactivated endogenous conformers during agonist treatment in living
cells. We showed that activated β2-AR (Nb80) is highly immobile
and organized in nanoclusters. The Gαs−GPCR complex detected
with Nb37 displayed higher mobility with surprisingly similar
nanoclustering dynamics to that of Nb80. Activated conformers
are highly sensitive to dynamin inhibition, suggesting selective
targeting for endocytosis. Inactivated β2-AR (Nb60) molecules are
also largely immobile but relatively less sensitive to endocytic
blockade. Expression of single-domain nanobodies therefore provides a unique opportunity to capture highly transient changes in
the dynamic nanoscale organization of endogenous proteins.
single-particle−tracking superresolution microscopy
β2-adrenoreceptor

to avoid obvious pitfalls (e.g., potential mislocalization and aggregation) (8, 9). Morever, because only a small minority of proteins are active at any one time, overexpression is not suited to
tracking changes in mobility and clustering associated with specific
activity-dependent conformational changes. This limits our understanding of the dynamic nanoscale organization associated with
proteins performing their functions.
Single-domain antibodies, also known as nanobodies, are
small (15 kDa) antigen-binding fragments produced in camelids
(10). Owing to their small size and ease of expression in various
systems, they are invaluable tools to localize, purify, and crystalize defined conformational states of proteins of interest (11).
Nanobodies have been developed to bind GFP with high affinity
(12, 13). Anti-GFP nanobodies, also referred to as GFP-binding
proteins (GBPs), are ideal for superresolution microscopy of GFPlabeled proteins, as they are small, highly soluble single-domain
Significance
Proteins moving freely on the plasma membrane can become
transiently trapped in functionally essential clusters. This capability is likely to be influenced by subtle conformational states of
the protein promoting or preventing such confinement. The
downside of conventional imaging of overexpressed tagged
proteins is that it precludes selective tracking of inherently minor
albeit functionally essential conformer populations. Intracellular
expression of single-chain nanobodies allowed us to track endogenous proteins in highly specific conformational states in live
cells and small organisms. We unveiled the full scope of nanoclustering behavior of β2-adrenergic receptors in various conformations, along with their transient nature. This technique is
broadly applicable to other proteins and will help unravel essential dynamics and organization of nanoclusters.
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uperresolution microscopy, in particular single-molecule localization techniques, such as stochastic optical reconstruction
microscopy and photoactivated localization microscopy (PALM),
are widely employed research tools (1–5) that are advancing our
understanding of the nanoscale organization of biological structures and processes. These techniques rely on a similar principle
that limited subsets of spatially resolvable fluorophores are activated
at any one time, so that their precise position can be determined
within the diffraction-limited spot of each emitter. Through iterations of this process, the precise spatial organization of proteins can
be determined. Furthermore, the mobility states of single proteins
can be monitored in living cells by single-particle−tracking PALM
(sptPALM), which generates spatially resolved maps of singlemolecule trajectories (4, 6, 7).
Both PALM and sptPALM require overexpression of proteins
of interest tagged with photoactivatable/photoconvertible labels.
Overexpression has its disadvantages and requires careful controls
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Results
Intrabodies to Detect Intracellular Proteins at the Plasma Membrane.

We first investigated whether an anti-GFP nanobody known as
GBP could be expressed as an intrabody in cells to correctly
localize GFP-tagged proteins. To test this approach, we coexpressed the PtdIns(4,5)P2 binding probe, PH-PLCδ tagged with
EGFP (PH-PLCδWT-EGFP) (SI Appendix, Fig. S1A) and GBPmCherry (SI Appendix, Fig. S1B) in PC12 cells, the expectation
being that GBP-mCherry would bind to its GFP target and
therefore colocalize with PH-PLCδWT-EGFP (SI Appendix, Fig.
S1C). The cells were then fixed, and imaged using confocal microscopy. PH-PLCδWT-EGFP exhibited plasma membrane localization due to its binding to PtdIns(4,5)P2, as previously
described (28). As expected, GBP-mCherry colocalized with PHPLCδWT-EGFP at the plasma membrane (SI Appendix, Fig.
S1 D, Top). Control experiments were carried out by cotransfecting PC12 cells with GBP-mCherry and a PtdIns(4,5)P2
binding-deficient mutant (PH-PLCδR40L-EGFP) which mislocalizes to the cytosol (28) (SI Appendix, Fig. S1 D and E). In
this case, the GBP-mCherry signal was also cytosolic, demonstrating that the GBP nanobody can be used as a proxy to correctly mimic the expression pattern of GFP-tagged proteins of
interest. We also performed three-dimensional electron tomography to determine whether the GBP localized to the plasma
membrane in our cellular system using the APEX labeling approach (33). This analysis revealed that GBP-APEX was indeed
correctly targeted to the plasma membrane upon coexpression of
PH-PLCδWT-EGFP in PC12 cells (Movie S1 and SI Appendix,
Fig. S2).
From sptPALM to FiLM: Single-Molecule Tracking of GBP-mEos2 in
PC12 Cells. Having demonstrated that GBP can be used to lo-

calize GFP-tagged proteins in PC12 cells, we next tested whether
it was amenable to single-molecule localization and tracking
using superresolution microscopy. By generating GBP tagged
with a photoconvertible fluorescent protein, we aimed to establish whether it would allow single-particle tracking of PHPLCδWT-EGFP, which is known to be organized in nanoclusters
(34)—a technique we call FiLM (Fig. 1 A and B). We first
generated PH-PLCδWT tagged with the photoconvertible protein
mEos2 (PH-PLCδWT-mEos2) in order to perform classical
sptPALM, which allows the nanoscale localization and tracking
of individually expressed proteins (4). Individual molecules of
PH-PLCδWT-mEos2 were imaged by stochastically photoconverting mEos2 from green to red emission using low 405-nm
laser power with TIRF microscopy. We first captured a lowresolution TIRF image of the PH-PLCδWT-mEos2 on the
plasma membrane prior to photoconversion in the green emission channel (Fig. 1C). We then performed sptPALM, and acquired a time series of molecular detections (50 Hz) in the red
emission channel during PH-PLCδWT-mEos2 photoconversion,
as previously described (4). The movie was analyzed using the
PALMtracer software to track single molecules (35). A region of
interest from a representative cell is illustrated in Fig. 1C, together with the superresolved maps of the intensities (Fig. 1D),
the diffusion coefficients (Fig. 1E), and the single-molecule
trajectories (Fig. 1F) obtained from this region. The equivalent
data were also produced using the FiLM technique, from cells
coexpressing PH-PLCδWT-EGFP and GBP-mEos2 (Fig. 1 G–J).
Nanodomains of PH-PLCδWT were detected with both sptPALM
and FiLM (see intensity maps in Fig. 1 D and H), and were easily
identified in the spatial maps of diffusion coefficients (Fig. 1 E and
I), with highly confined trajectories being detected within these
nanodomains (Fig. 1 F and J). We then compared the mobility of
PH-PLCδWT-mEos2 (by sptPALM) to that of GBP-mEos2 in
PC12 cells coexpressing PH-PLCδWT-EGFP (by FiLM; Fig. 1 K–N
and Movies S2 and S3). We calculated the average mean square
PNAS | December 1, 2020 | vol. 117 | no. 48 | 30477
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antibody fragments that can be tagged with bright fluorescent organic
dyes (14). Purified GBPs have already been used in single-molecule
imaging, namely, universal Point Accumulation for Imaging in
Nanoscale Topography (uPAINT) as well as for immunocytochemical staining on fixed cells (15). One current uPAINT application involves the use of a GBP tagged with an organic dye
(e.g., Atto) to track extracellular GFP-labeled receptors in cultured cells and in dual-color systems (16). However, uPAINT is
limited to tracking receptors with extracellular epitopes (17, 18).
More recently, a similarly labeled GBP has been used in a pulse−chase strategy to track endocytic structures in neurons, such
as recycling synaptic vesicles by single-molecule imaging using a
technique known as subdiffractional Tracking of Internalized
Molecules (19). This approach has also been used to study axonal retrograde transport following internalization (20, 21).
However, cytoplasmic-facing epitopes remain inaccessible by
either approach.
Immunoglobulin antibodies expressed in cells as “intrabodies”
have also been previously used in cell biology. However, their
large size (150 kDa) and their propensity to aggregate within the
reducing environment of the cytosol have limited their application in cells. Consequently, smaller modified formats such as
single-chain (ScFv, Fab)/single-domain antibodies (nanobodies)
are increasingly becoming the standard, as they are significantly
smaller (10 kDa to 15 kDa), are composed of a monomeric
variable antibody domain, retain their antigen-binding affinity
(22), and are more resistant to the reducing environment of the
cytosol when expressed in living cells as intrabodies (23–25).
Indeed, nanobodies have been effectively expressed as intrabodies to block viral production (26) as well as clostridial neurotoxin activity (27). Therefore, we reasoned that intracellularly
expressed nanobodies could potentially be used as intrabodies to
perform single-molecule imaging of endogenous proteins located
on the plasma membrane with intracellular epitopes.
Here, we report the use of nanobodies expressed as intrabodies through a technique we have called Fluorescent intrabody
Localization Microscopy (FiLM). We first generated a proofof-concept of the technique by coexpressing anti-GFP nanobodies, tagged with the photoconvertible fluorescent protein
mEos2, along with the pleckstrin homology domain of phospholipase C delta (PH-PLCδ) fused with GFP (28). This allowed
us to image plasma membrane domains enriched in phosphoinositide PtdIns(4,5)P2 by total internal reflection fluorescence
(TIRF) microscopy in living neurosecretory PC12 cells. Using
FiLM, we achieved single-molecule imaging with mobilities indistinguishable from control PH-PLCδ directly tagged with mEos2,
using sptPALM (4). We further demonstrated that FiLM can be
used on a range of other protein targets, including the enzyme
phosphatidic acid preferring phospholipase A1 (PA-PLA1), an
adhesion junction protein (E-cadherin), a structural protein (caveolin), and a fusogen (EFF-1), in primary cultured neurons and
epithelial cells, as well as in small organisms Danio rerio (zebrafish) and Caenorhabditis elegans. Finally, we applied FiLM to track
conformation-specific nanobodies selectively binding endogenous
β2-adrenergic receptors (β2-ARs). These nanobodies selectively
recognize activated β2-ARs (Nb80) (29, 30), the Gαs protein,
when coupled to gene protein-coupled receptors (GPCRs) (Nb37)
(29, 31) and inactivated β2-ARs (Nb60) (32). Imaging these
conformational-specific nanobodies on endogenous β2-AR in
neurosecretory PC12 cells revealed distinct dynamics and effects
during agonist treatment when compared to the overexpressed β2AR. The activated form of the β2-ARs had lower mobility (Nb80)
when compared to Nb37. Using these conformational-specific
nanobodies, we were able to detect a highly specific effect upon
endocytic blockade on the activated receptors, suggesting specificity
in internalization of activated species. In addition, we found that
these nanoclusters postulated to represent signaling nanoplatforms
are transient and entwined with the endocytic process.
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Fig. 1. Single-particle detection of PH-PLCδWT-EGFP by GBP-Nb-mEos2 using
the FiLM technique. (A) Expression of PH-PLCδWT-EGFP (GFP target) (Top)
together with GBP-mEos2 (Bottom) facilitates single-particle tracking in
cellular transfection systems. (B) Illustration of the principle of FiLM using
PH-PLCδWT-EGFP target at the plasma membrane. (C) A representative PC12
cell in TIRF shows the green fluorescence of PH-PLCδWT-mEos2 prior to
photoconversion. (Scale bar, 5 μm.) (The region of interest, defined by the
white box, is used for D–F.) Superresolution imaging was performed at 50 Hz
with analysis of movies generating (D) sptPALM average intensity map, (E)
diffusion coefficient distribution (darker colors represent lower mobility),
and (F) trajectory map (color coded by time; warmer colors acquired later
into the acquisition). (G) PC12 cell expressing PH-PLCδWT-EGFP and GBPmEos2 (H–J as per D–F). (Scale bar, 5 μm.) (K) Analysis of single-particle
tracking was expressed as the MSD as a function of time, (L) AUC, (M) frequency distribution of the diffusion coefficient (Inset: trajectory number), and
(N) mobile-to-immobile ratio (n = 12 and 17, cells for each condition from
three independent experiments, PH-PLCδR40L-EGFP n = 10). Protein structures
were generated in PyMOL. Statistics of AUC and mobile-to-immobile ratio
were performed using an unpaired Student’s t test. The differences between
the two conditions were all nonsignificant (NS). Nonparametric ANOVA
Kruskal−Wallis test with Dunn’s multiple comparisons test was used to compare trajectory numbers between the three conditions.

displacement (MSD) over time (Fig. 1K) as well as the area under
the MSD curve (AUC) (Fig. 1L). We also quantified the diffusion
coefficient of individually tracked molecules and plotted the frequency distribution of the Log10 of the diffusion coefficient
(Fig. 1M), expressing it as a ratio of the mobile to immobile
populations (Fig. 1N), as previously described (6, 7, 19, 21). In all
of these tests, we found that the results obtained using PH30478 | www.pnas.org/cgi/doi/10.1073/pnas.2007443117

PLCδWT-mEos2 (by sptPALM) and GBP-mEos2 in cells coexpressing PH-PLCδWT-EGFP (by FiLM) were statistically indistinguishable (Fig. 1 K–N). To test the reliability of our tracking
system and selectivity of the GBP-mEos2, we coexpressed
PtdIns(4,5)P2-binding deficient mutant PH-PLCδR40L-GFP. As
expected with such a cytosolic probe, we found almost no tracks by
using the GBP-mEos2 when we coexpressed it with PH-PLCδR40LGFP (Fig. 1 M, Inset). In addition, we tracked a destabilized
variant GBP tagged with mEos2 coexpressed with PH-PLCδWTGFP. This destabilized GBP was previously shown to reduce the
free cytosolic pool of the intrabody via degradation of unbound
GBP (36, 37). The results obtained were indistinguishable from
those achieved with GBP-mEos2, demonstrating that our tracking
technique captures the GBP-mEos2 molecules bound to their
target proteins (SI Appendix, Fig. S3).
We next compared sptPALM and FiLM by expressing PAPLA1 (38) tagged with mEos2 (mEos2-PA-PLA1) or GFP-PAPLA1 together with GBP-mEos2 in cultured rat hippocampal
neurons. Low- and high-resolution images revealed the presence
of PLA1 in neurites and its accumulation in synaptic regions with
both techniques (SI Appendix, Fig. S4). Again, the mobility of PAPLA1 as observed via sptPALM or FiLM was identical (SI Appendix, Fig. S4). We also successfully used the FiLM technique to
image E-cadherin-GFP at the nanoscale level in adhesion junctions in cultured monolayers of Caco2 cells genetically engineered
to express endogenous levels of GFP-tagged E-cadherin (SI Appendix, Fig. S5).
Together, these results indicate that the expression of GBPmEos2 as a proxy to target GFP-tagged proteins is a valid
alternative to expressing mEos2-tagged proteins, as both approaches generated statistically indistinguishable quantitative
data of single-molecule mobility using sptPALM in live neurosecretory PC12 cells and hippocampal neurons.
In Vivo FiLM: Single-Molecule Tracking of GFP-Tagged Proteins Using
GBP-mEos2 in Living Zebrafish and C. elegans. Although a wide

variety of transgenic animals expressing GFP-tagged wild-type or
mutant proteins is available, these lines are not easily amenable
to superresolution microscopy (4, 6, 7, 17). We therefore tested
whether FiLM could be used to bypass the need to generate new
libraries of transgenic animals with appropriate photoconvertible
tags. We first tested FiLM in D. rerio (zebrafish) in vivo. Caveolins 1
to 3 (Cav1 to Cav3) are membrane-bound scaffolding proteins
that are essential components of caveolae, with Cav1 and Cav3
being required for their formation in nonmuscle and muscle
cells, respectively (39, 40). We used a Cav3-GFP transgenic
zebrafish strain to test whether we could perform superresolution FiLM by simply coexpressing the GBP-mEos2 in these
animals. An RNA encoding GBP-mEos2 was synthesized and
injected into one- to four-cell stage embryos. At 48 h to 72 h
postfertilization (hpf), the fish were anesthetized and mounted for
FiLM imaging (Fig. 2A). A low-resolution image of Cav3-GFP
expression was acquired in the superficial dorsal muscle fiber
layer (Fig. 2B) using oblique illumination (6, 41) to optimize the
visualization of the muscle fibers. We then performed FiLM imaging of the GBP-mEos2 coexpressed in these muscle fibers
(Movie S4) and tracked single molecules, generating superresolved maps of intensities (Fig. 2 C and D), diffusion coefficients
(Fig. 2E), and trajectories (Fig. 2 F and G). Nanodomains reminiscent of caveolae could be detected in vivo, with nanoclusters
containing highly confined molecules (Fig. 2G). Although Cav3 is
muscle specific, nonmuscle cells require Cav1 expression to form
caveolae (42, 43). By way of comparison, we therefore expressed
mEos2-Cav1 in Madin−Darby canine kidney (MDCK) cells to
perform sptPALM (Fig. 2 H–K), revealing nanodomains of highly
confined Cav1 molecules (Fig. 2K). We also compared the mobility of Cav3 and Cav1, in living muscle fibers and MDCK cells,
respectively. Although there was a subtle difference between the
Gormal et al.
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Fig. 2. Single-particle detection of Cav3-GFP in zebrafish by GBP-mEos2
using the FiLM technique. (A) Representative image of a 72-hpf zebrafish
embryo. (B) Low-resolution image of the green fluorescence observed within
skeletal muscle fibers of a zebrafish expressing Cav3-GFP as well as GBPmEos2 at the location indicated by the red box in A. (Scale bar, 10μm).
Superresolution imaging was performed at 33 Hz with analysis of movies
generating (C and D) an average intensity map, (E) a diffusion coefficient
map (darker colors represent lower mobility), and (F) a trajectory map (color
coded by time; warmer colors acquired later into the acquisition). (Scale bar,
C, 2.5 μm). (G) Illustrates the dual confinement trajectories within the region
of interest in F. Red box (8 μm × 8 μm). (H) Low-resolution image of mEos2Cav1 in transfected MDCK cells prior to photoconversion with a 405-nm laser. The region of interest is indicated with a white box (2 μm × 2 μm) in H.
Superresolution imaging was performed at 50 Hz and analysis of movies
generated (I) average intensity map, (J) diffusion coefficient map, and (K)
trajectory map. Analysis of single-particle tracking was expressed as the (L)
MSD as a function of time; (M) AUC, and (N) frequency distribution of the
diffusion coefficient (n = 12 zebrafish from three independent injections; n =
15 MDCK cells from three independent experiments). Statistics of AUC were
performed using an unpaired Student’s t test.

MSDs, the AUC revealed no significant difference, suggesting that
Cav1 and Cav3 may exhibit similar diffusion patterns in each
system (Fig. 2 L and M). However, there was a slight difference
between the frequencies of diffusion coefficients in the two systems,
possibly reflecting the differences between caveolin in cultured cells
and muscle fibers (Fig. 2N).
We next tested FiLM in the nematode C. elegans as an alternative in vivo model. EFF-1 is a fusogen that mediates a wide
range of developmental cell fusion events in C. elegans (44, 45),
as well as dendrite remodeling (46, 47) and a particular type of
axonal repair known as axonal fusion (48, 49). We first generated
transgenic strains expressing EFF-1::mEos2 under the promoter
of the gene mec-4 (Pmec-4), which drives expression specifically
in mechanosensory neurons, and imaged the PLM mechanosensory
neuron in the tail of the animal (Fig. 3 A and B). The animals were
mounted on agarose pads and anesthetized for single-particle
tracking. Low-resolution images of EFF-1::mEos2 expression were
acquired in the PLM mechanosensory neuron in a region centered
on the cell soma (Fig. 3C) using oblique illumination to optimize
visualization. We then generated superresolved images, including trajectory maps (Fig. 3D), intensity (Fig. 3E), and diffusion
coefficient (Fig. 3F). For comparative purposes, we also created
additional lines which expressed both EFF-1::GFP and GBP::mEos2
under the same Pmec-4 promoter and performed FiLM imaging
Gormal et al.

and tracking of GBP-mEos2 within the PLM mechanosensory
neuron (Fig. 3 G–J and Movies S5 and S6). We then carried out
statistical analysis comparing the mobility patterns of EFF1::mEos2 (sptPALM) and EFF-1::GFP plus GBP:mEos2 (FiLM)
in living animals. This revealed that, although there was a subtle
difference in the MSDs and the distribution of diffusion coefficients,
the average values were indistinguishable (Fig. 3 K–N). Our data
provide a proof of principle that anti-GFP nanobody expressed
as intrabody can serve as a proxy for GFP-tagged protein, allowing
their localization and tracking at a nanoscale level.
unique opportunity to capture any highly transient changes in the
nanoscale organization of signaling platforms. GPCR-mediated cell
signaling tightly regulates a wide range of biological processes, including neurotransmission, cellular differentiation, and the immune
response (50). One of the prototypical members of the GPCR
family is the β2-AR, which interacts with its cognate G protein
(Gαs) to trigger downstream signaling. Using superresolution imaging techniques, it was recently found that the interaction between
the β2-AR and Gαs, and the subsequent activation of Gαs, occur in
specific nanodomains or hot spots at the plasma membrane, suggesting a functional role of these nanodomains in GPCR signaling
(51, 52). However, whether the single-molecule dynamics and
nanoclustering are dependent on conformational states of GPCRs
is currently unknown. Furthermore, it is yet to be determined whether
these form transient or long-lived nanoclusters. We performed FiLM
experiments to address these questions.
Isoprenaline-dependent immobilization of β2-ARs in neurosecretory PC12
cells. We first expressed β2-AR-YFP and GBP-mEos2 in PC12

cells and performed single-particle tracking before and after
activation of β2-ARs by isoprenaline (10 μM). YFP and GFP are
conserved in all residues involved in the GFP−nanobody interface, so they both bind to GBP (12, 13). A representative cell is
shown in Fig. 4A, and a region of interest from this cell is illustrated in Fig. 4 B–G. We then compared the mobility of β2-AR-YFP
by FiLM before and after agonist treatment (Fig. 4 H–K). The
MSD, AUC, and the mobile to immobile ratio decreased in response to isoprenaline (Fig. 4 H–K). The diffusion coefficient
distribution shifted to the left, indicating that the mobility of β2AR-YFP significantly decreased (Fig. 4 J and K). To further
dissect the effect of isoprenaline on the mobility of β2-AR-YFP,
we analyzed the β2-AR-YFP trajectories using hidden Markov
models (HMM; see Materials and Methods). This analysis estimates the hidden diffusive states and associated state parameters
from sets of experimentally measured trajectories (6, 19, 53). β2AR-YFP molecules switched between at least three distinct
diffusive states, immobile (S1), intermediate (S2), and fast (S3)
states (Fig. 4 L and M). Interestingly, the state occupancy of β2AR-YFP molecules in the immobile and intermediate states
significantly increased following isoprenaline treatment, whereas
the occupancy in the fast state decreased significantly (Fig. 4 L
and M). Molecules that are in the immobile state with very low
diffusion are generally thought to form nanoclusters (54, 55),
suggesting that β2-AR-YFP molecules are organized in distinct
membrane nanodomains. Indeed, clusters of mGluR3, a member
of the GPCR family, have been associated with the immobile
state (55). Our data show that isoprenaline increases the S1
(immobile) state occupancy, indicating further nanoclustering of
β2-AR-YFP following agonist treatment in PC12 cells (Fig. 4M).

Inhibiting dynamin-dependent endocytosis reduces the mobility of β2-ARYFP. β2-AR has recently been shown to be internalized in re-

sponse to agonist-induced activation in early endosomes, where
it contributes to a second phase of intracellular signaling (29).
Further, β2-AR has been previously demonstrated to undergo
dynamin-dependent endocytosis (56). We next investigated
whether the observed activity-dependent decrease in β2-AR
mobility is contingent on endocytosis. We took advantage of the
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immobilization of β2-AR-YFP occurred even in the presence
of dynamin inhibitor, which was confirmed quantitatively with
the analysis of the MSD and the frequency distribution of the
diffusion coefficients (Fig. 5 E–H). These results demonstrate
that the isoprenaline-mediated decrease in β2-AR-YFP mobility
is independent of endocytosis, suggesting two concurrent modes
of clustering.
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Fig. 3. Single-particle detection of EFF-1::GFP in C. elegans by GBP-mEos2
using the FiLM technique. (A) Illustration showing the location of the
mechanosensory neurons in C. elegans driven by Pmec-4 promoter expression. The portion of the PLM mechanosensory neuron imaged in these experiments is delineated by a red box. (B) Low-resolution image of the tail of
a representative animal showing both left and right PLM mechanosensory
neurons expressing Pmec-4::eff-1::gfp and Pmec-4::mEos2-N1-GBP-Nb. (C)
Representative C. elegans PLM mechanosensory neuron in TIRF, expressing
Pmec-4::eff-1::Eos2 taken prior to photoconversion with a 405-nm laser.
(Scale bar, 5 μm.) Region of interest defined by the white box is used for D–F.
Superresolution imaging was performed at 33 Hz and analysis of the movies
generated (D) a trajectory map (color coded by time; warmer colors acquired
later into the acquisition), (E) an average intensity map, and (F) a diffusion
coefficient map (darker colors represent lower mobility). (G) C. elegans
expressing Pmec-4::eff-1::gfp and Pmec-4::mEos2-N1-GBP-Nb (Scale bar as in
C) (H–J as per D–F). Analysis of single-particle tracking was expressed as the
(K) MSD as a function of time, (L) AUC, (M) frequency distribution of the
diffusion coefficient, and (N) mobile to immobile ratio (n = 11 and 9, animals
for each condition from three independent experiments). Statistics of AUC
were performed using an unpaired Student’s t test, and a nonparametric
Mann−Whitney U test was used to compare the mobile-to-immobile ratios.

dynamin inhibitor, Dyngo4a (57–59), to determine the contribution of endocytosis on the immobilization of the receptor. We
expressed β2-AR-YFP and GBP-mEos2 in PC12 cells in the
presence of Dyngo4a (30 μM) or vehicle (dimethyl sulfoxide
[DMSO]). Cells were imaged before and after treatment with
isoprenaline (10 μM). As above (Fig. 4), isoprenaline decreased
the mobility of β2-AR-YFP in DMSO-treated cells (Fig. 5 A and
B). Dyngo4a alone visibly decreased the mobility of β2-AR-YFP
in unstimulated cells, suggesting that blocking endocytosis has a
general effect on the mobility of β2-AR-YFP regardless of
stimulation (Fig. 5 A–D). However, isoprenaline-dependent
30480 | www.pnas.org/cgi/doi/10.1073/pnas.2007443117

dynamic equilibrium and undergoes conformational state changes
that underpin activation, G-protein coupling, and inactivation/
desensitization (60). These biologically relevant conformations
have been characterized with selective single-domain nanobodies
that exclusively recognize these defined states (30, 61). Having
shown proof-of-concept that nanobodies can be used to perform
single-molecule imaging of GFP-tagged proteins, we reasoned that
they could allow selective imaging of endogenous β2-AR in these
functionally relevant conformations and could therefore provide
critical additional insights on their nanoscale organization. We
generated mEos2-tagged Nb80, which recognizes the activated
conformation of the β2-AR, Nb37-mEos2, which selectively binds
the guanine nucleotide-free form of Gαs- protein GPCRs, and
Nb60-mEos2, which recognizes one of the inactive states of β2-AR
(62). We first checked whether we could detect and track these
nanobodies when expressed in a heterologous cell system Chinese
Hamster Ovary (CHO)-K1, which lacks β2-AR (63). We could
hardly detect any of the three nanobodies in TIRF mode, as
expected for background expression of a cytosolic protein (SI Appendix, Fig. S6 A–G; also see Fig. 1M). Importantly, coexpression of
β2-AR-YFP in these cells increased the level of detection of these
three nanobodies, with Nb80-mEos2 detection increasing by 100%,
Nb37-mEos2 by 30%, and Nb60-mEos2 by 1600% compared to
CHO-K1 coexpressing YFP, using identical acquisition settings (SI
Appendix, Fig. S6 A–G).
As these nanobodies selectively recognize unique conformations, we did not expect any mobility change following isoprenaline treatment of live cells. Indeed, isoprenaline did not alter
the mobility of Nb80-mEos2 (Fig. 6 A–D) or Nb37-mEos2
(Fig. 6 E–H). Isoprenaline appears to slightly increase the mobility of Nb60-mEos (Fig. 6 I–L). Although the intrinsic mobility
of activated receptors remained unchanged following agonist
treatment, we anticipated that the proportion of activated receptors would significantly increase.
The range of mobility that overexpressed β2-AR-YFP exhibits
solely conveys the average of all conformational states. In sharp
contrast, the three conformation-specific nanobodies used
exhibited vastly different mobilities (Fig. 6 C, G, and K). Importantly, the bimodality of the diffusion coefficient distribution
was unaltered, but the proportions of molecules in these immobile and mobile fractions were remarkably different (Fig. 6 D,
H, and L). Our results confirm our earlier finding that isoprenaline reduces β2-AR mobility (Fig. 4) and reveal that activated
(Nb80) endogenous receptors are highly immobile (Fig. 6 A–D).
The mobility of Nb60 in PC12 cells is similarly low and comparable to that of Nb60 in CHO-K1 cells coexpressing β2-AR-YFP
(SI Appendix, Fig. S6 H and I). Guanine nucleotide-free forms of
Gαs protein (Nb37) have a relatively higher mobility (Fig. 6 E–H)
than both Nb80 and Nb60 (inactive β2-AR), suggesting that
G-protein binding affects the clustering of the receptor. As this
nanobody binds the nucleotide-free Gαs, we cannot rule out that it
could bind to another endogenous activated GPCR in PC12 cells.
Conformational-specific nanobodies reveal distinct mobility patterns of
active and inactive β2-AR following inhibition of dynamin-dependent endocytosis. We demonstrated that blocking dynamin-dependent

endocytosis decreases β2-AR-YFP mobility independently of
agonist-induced activation (Fig. 5). We checked whether blocking
this endocytic pathway could differentially affect specific conformations of the receptor. As anticipated, dynamin inhibition decreased
Gormal et al.
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the immobile and confined states and a smaller proportion in the
free diffusive state compared to the Nb37-mEos2 molecules
(Fig. 8 N and O).
To further characterize the mobility patterns of these two
active conformations, we analyzed the Nb37-mEos2 and Nb80mEos2 trajectories using HMM, and similarly identified three
diffusive states for both Nb37-mEos2 and Nb80-mEos2 molecules: immobile (S1), intermediate (S2), and fast (S3) states.
Although the apparent diffusion coefficients of these diffusive
states were similar (Fig. 9 A and B), the state occupancies of
Nb80-mEos2 and Nb37-mEos2 within each diffusive state were
vastly different (Fig. 9C). The state occupancy of Nb80-mEos2
molecules in the immobile (S1) and intermediate (S2) states was
significantly higher than that of Nb37-mEos2 molecules
(Fig. 9C). Conversely, Nb37 occupancy was higher in the fast
(S3) state (Fig. 9C). This suggests that the binding of Gαs to the
activated receptor dynamically alters the proportion of time
spent in each of the diffusive states, leading to an overall difference in mobility.
To assess the dynamic nature of individual nanoclusters apparent in the high-resolution images (Figs. 4 and 8), we first
constructed a superresolution image of β2-AR-YFP detected
using GBP-mEos2 in live PC12 cells, depicting β2-AR-YFP
nanoclusters (SI Appendix, Fig. S7 A–F). We then used a Voronoï
tessellation-based spatial clustering algorithm to identify the
spatial location of the β2-AR-YFP nanoclusters (67) (SI Appendix, Fig. S7 D–F and Materials and Methods). We computed
the time series of molecular detections in individual nanoclusters, by time-correlated PALM (tcPALM) (68, 69), and
found that the detections were highly clustered in time, indicating transient lateral trapping of β2-AR-YFP in nanoclusters
(SI Appendix, Fig. S7). We similarly assessed the spatiotemporal
dynamics of the activated receptor species in nanoclusters using
Nb80-mEos2 (Fig. 9 D–I) and Nb37-mEos2 (Fig. 9 J–O). Remarkably, superresolution images revealed nanoclusters of activated endogenous β2-AR (Nb80) (Fig. 9D) and those coupled to
guanine nucleotide-free form of Gαs protein (Nb37) (Fig. 9J) at
the plasma membrane (with the caveat that Nb37 might also
recognize other activated Gαs-coupled GPCRs). We could
identify the locations of the nanoclusters for both activated receptor species using the Voronoï tessellation algorithm (Fig. 9 E
and K). Importantly, these clusters contained high-density molecular detection as delineated in Fig. 9 F and L. Trajectories
within these high-detection areas were predominantly from immobile and intermediate states as inferred by HMM (Fig. 9 G
and M). When we computed the time series of molecular detections in these individual nanoclusters, we also observed
transient bursts of high-frequency detections, indicating shortlived nanoclustering of β2-AR in these activated conformational states (Fig. 9 H and N). This was more apparent in the
cumulative detections of molecules, where we saw sudden
changes in the detection density, indicating nanocluster assembly
and disassembly events (Fig. 9 H and N). The burst duration (the
apparent lifetime) of activated β2-AR nanoclusters detected using Nb80-mEos2 was 19.2 ± 0.6 s, and using Nb37-mEos2 was
18.1 ± 0.4 s, suggesting that these nanoclusters are similarly short
lived at the plasma membrane. There were detectable numbers of
nanoclusters at the plasma membrane at any given point in time.
These nanoclusters appeared and disappeared throughout the imaging window (Fig. 9 H and N). We computed the number of detections per burst for both Nb80-mEos2 and Nb37-mEos2 and
found that they ranged between 50 and 500, and their averaged
burst count was slightly over 150 (SI Appendix, Fig. S8 A, B, E, and
F). Expectedly, the intraburst dark time, which computes the time
without detection during the burst, was also similarly low for both
nanobodies (0.4 s). The equivalent confinement radius for each
detected burst was 90.3 ± 0.6 nm and 86.7 ± 0.4 nm for Nb80mEos2 and Nb37-mEos2, respectively (SI Appendix, Fig. S8 D and
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the mobility of the active conformations of β2-AR (Nb80) and Gαs
(Nb37) (Fig. 7 A–H). Interestingly, this effect was most pronounced
on the guanine nucleotide-free form of Gαs protein presumably
bound to activated β2-AR (Nb37) (Fig. 7 E–H) compared to that of
the activated β2-AR conformation (Nb80) (Fig. 7 A–D). Further,
isoprenaline increased Nb80 mobility in the presence of Dyngo4a
(Fig. 7 A–D). In contrast, Nb37 mobility decreased in the combined
presence of agonist and endocytic block (Fig. 7 E–H). This demonstrates that both active conformations of β2-AR (Nb80) and Gαs
(Nb37) react very differently to endocytic blockade. Importantly,
Dyngo4a has no effect on the mobility of the inactive receptors
(Nb60) (Fig. 7 I–L). Strikingly, the number of trajectories detected
dramatically increased upon blockade of endocytosis for active conformations of β2-AR (Nb80) and Gαs (Nb37) (Fig. 7M). This supports the hypothesis that the number of receptors, and in particular
activated receptors, on the plasma membrane relies on a dynamic
equilibrium between activation/desensitization and sequestration.
Nb80 has the lowest mobility of all tested conformations, and
blocking endocytosis marginally increases its overall mobility. In
contrast, Nb37 has a higher overall mobility compared to Nb80, which
is decreased by isoprenaline and Dyngo4a. This suggests that blocking
endocytosis reveals a tendency for activated receptors to accumulate
in clusters of highly confined molecules that could represent preendocytic sites. However, both Nb80’s and Nb37’s interaction with β2AR is incompatible with β-arrestin binding, and this interaction is
required to target receptors for clathrin-coated pits by subsequent
AP2 and clathrin recruitment (64). A recent study shows that a
prototypical class A GPCR member, β2-AR, does not form a
GPCR−G-protein−β-arrestin supercomplex to any significant degree,
unlike those from the other classes (65). This suggests that two modes
of immobilization occur concurrently and that the exchange required
between Gαs-protein and β-arrestin binding could occur within
endocytic clusters before internalization. The inactivated receptor
conformation (Nb60) was also sensitive to dynamin inhibition but to a
lesser extent, also suggesting some level of specificity for the activated
receptors to be internalized.
Active β2-AR forms transient nanoclusters at the plasma membrane. Active β2-AR conformations detected using Nb80 and Nb37 have
vastly different mobility at the plasma membrane. To characterize the spatiotemporal dynamic nanoclustering properties of
these active conformations of β2-AR, we performed a larger set
of single-particle tracking experiments by FiLM (Fig. 8). We
captured low-resolution TIRF images of the Nb80-mEos2 and
Nb37-mEos2 (Fig. 8 A and E) as well as high-resolution maps of
intensities (Fig. 8 B and F), diffusion coefficients (Fig. 8 C and
G), and trajectories (Fig. 8 D and H). Our results revealed that
activated β2-ARs and β2-AR−Gαs complexes are not uniformly
distributed but rather organized in nanodomains on the plasma
membrane (Fig. 8 B, C, F, and G). The detection density of Nb80
was lower than that of Nb37 (Fig. 8 D and H). This suggests that
the proportion of activated β2-ARs detected by Nb80 is smaller
than the guanine nucleotide-free form of Gαs protein presumably bound to β2-AR (Nb37). Intriguingly, despite their lower
detection density, the Nb80-mEos2 molecules were more confined compared to Nb37 (see MSD curves and distributions of
diffusion coefficients, Fig. 8 I–L).
Moment scaling spectrum (MSS) analysis has been widely
used to characterize the mobility states of receptors at the
plasma membrane (66). We therefore performed this analysis on
Nb80-mEos2 and Nb37-mEos2 trajectories that lasted for at
least 20 frames (0.4 s) and quantified the slope of the MSS
(SMSS). Depending on the values of SMSS, trajectories can be
categorized into immobile, confined, and freely diffusing states.
We found that both Nb80-mEos2 and Nb37-mEos2 molecules
displayed immobile, confined, and free diffusive motion types
(Fig. 8 M–O). The SMSS of Nb80-mEos2 trajectories was significantly lower than that of the Nb37-mEos2 trajectories (Fig. 8M),
with a relatively larger proportion of Nb80-mEos2 molecules in
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H). Considering the high similarity of nanoclustering dynamics
displayed by Nb80 and Nb37, it is likely that the latter conveys
useful insight into the dynamic of activated Gαs-coupled β2-AR.
Taken together, these findings suggest that agonist treatment
promotes an increase in recycling of activated β2-AR and an
increase in Gαs-protein coupling, leading to increased clustering
and decreased mobility of the receptor. Overall, FiLM can be
used in association with purpose-designed selective nanobodies
to quantify the single-molecule dynamics of endogenous proteins
at the plasma membrane in specific conformations.
Discussion
In this study, we have expressed single-domain nanobodies in
cultured cells and in vivo to visualize the dynamic nanocluster organization of endogenous proteins. We first used single-molecule
imaging of intracellularly expressed GFP binding nanobodies
30482 | www.pnas.org/cgi/doi/10.1073/pnas.2007443117
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Fig. 4. Single-particle detection of β2-AR-YFP by GBP-mEos2 using the FiLM
technique before and after isoprenaline addition. (A) A representative PC12
cell in TIRF shows the green fluorescence of β2-AR-YFP and GBP-mEos2 prior
to photoconversion. (Scale bar, 5 μm.) (The region of interest, defined by the
white box, is used for B and D).) Superresolution imaging was performed at
50 Hz and analysis of the movies generating (B) average intensity map; (C)
diffusion coefficient distribution (darker colors represent lower mobility)
and (D) trajectory map (color coded by time; warmer colors acquired later
into the acquisition). (Scale bar, 1 μm.) (E–G) The region of interest of cell
above following isoprenaline treatment (10 μM) (E–G as per B–D). (H)
Analysis of single-particle tracking was expressed as the MSD as a function of
time, (I) AUC, (J) frequency distribution of the diffusion coefficient (Inset:
trajectory number); (K) mobile-to-immobile ratios (n = 16, from three independent experiments). (L and M) Hidden Markov modeling to infer mobility parameters of β2-AR-YFP trajectories. (L) A three-state model with the
inferred apparent diffusion coefficients and state occupancies are represented. Each state is illustrated by a colored circle (state 1, immobile, magenta; state 2, intermediate, green; state 3, fast mobile, blue), with the area
proportional to the state occupancy. (M ) Comparison of state occupancies
inferred from β2-AR-YFP trajectories (n = 16 sets, 16 cells from three independent experiments). Statistics of the AUC, mobile-to-immobile ratio,
and state occupancy were performed using a paired Student’s t test, and
trajectory number comparison was made using paired nonparametric
Wilcox test.
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tagged with mEos2 to characterize the nanoscale organization of
several GFP proteins in multiple cell lines and two widely used
small animal models as proof-of-concept. We then applied this
nanobody-based single-molecule imaging approach to track endogenous β2-AR in highly defined conformations (activated,
bound to Gαs, and inactivated) and discovered common mobility
states associated which all of these conformations and specific
changes in the time spent within each of these states.
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Fig. 5. Single-particle detection of β2-AR-YFP by GBP-mEos2 following
dynamin inhibition with Dyngo4a before and after isoprenaline treatment.
Cells were transfected with β2-AR-YFP and GBP-mEos2 and pretreated with
either DMSO or 30 μM Dyngo4a 20 min prior to imaging before and after
10 μM isoprenaline treatment. (A and B) A DMSO-treated representative
PC12 cell depicting the diffusion coefficient distribution of all 2-AR tracked
receptors is shown (A) before and (B) following isoprenaline treatment
(10 μM) (outline of cell is shown in black dotted line). (C and D) A representative cell pretreated with Dyngo4a is shown (C) before and (D) after
isoprenaline treatment. (Scale bar, 5 μm.) (E) Analysis of single-particle
tracking was expressed as the MSD as a function of time, (F) AUC, (G) frequency distribution of the diffusion coefficient, and (H) mobile-to-immobile
ratios (n = 13 [DMSO] and 15 [Dyngo4a], from three independent experiments). Statistics of the AUC were performed using a paired Student’s t test.
Analysis of the mobile to immobile ratio was performed using a paired
Wilcoxon test.
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0

Nb60-mEos2 + Isoprenaline (10 μM)

Fig. 6. FiLM of Nb80-mEos2, Nb37-mEos2, and Nb60-mEos2 in PC12 cells
following isoprenaline treatment. Transfected PC12 cells expressing (A–D)
Nb80-mEos2, (E–H) Nb37-mEos2, or (I–L) Nb60-mEos2 were imaged and
subjected to live FiLM. Cells were imaged before and after isoprenaline
treatment (10 μM). Superresolution imaging was performed at 50 Hz.
Movies were analyzed and data expressed as (A, E, and I) MSD as a function of time, (B, F, and J) AUC, (C, G, and K ) frequency distribution of the
diffusion coefficient, and (D, H, and L) mobile-to-immobile ratio (n = 9, 14, and
13, cells, respectively, for each condition from three independent experiments).
Statistical analysis of the AUC and mobile-to-immobile ratio was performed using a paired Student’s t test.

Expressing GBP-mEos2 in combination with existing GFP
expression constructs or transgenic strains provides a fast and
efficient way to perform single-particle tracking in cells and living organisms. In this study, we have highlighted examples of
GBP-mEos2 imaging in the muscle fibers of zebrafish and the
PLM mechanosensory neurons of C. elegans. This was achieved
by injection of RNA/plasmid DNA in vivo. In these two systems,
we were able to optically penetrate through to the region of
interest by adapting an imaging technique previously used to
image Syntaxin-mEos2 at the neuromuscular junction of Drosophila melanogaster larvae (6). As the nematode strains that
were imaged exhibited a roller phenotype caused by the transgenic
marker, which caused the animals to rotate on their longitudinal
axis as they moved, the orientation of the PLM neurons often
changed between samples. In circumstances where the PLM neuron was in a higher z dimension due to the animal’s rotation, we
were also able to use ultrahigh-power TIRF on our microscopy
system. The generation of stable transgenic strains that express
GBP-mEos2 ubiquitously, or in a tissue-specific manner, could
facilitate crosses with existing GFP-expressing strains, and streamline
the use of this technique for superresolution imaging in a large range
of GFP animal models. In our cellular systems, where the cells were
attached to the glass-bottom dishes, imaging could be achieved using
TIRF illumination.
In order to minimize the possibility of tracking unbound GBPmEos2 cytosolic molecules, we eliminated trajectories from
molecules that were detected in fewer than eight frames (160 ms)
(the likelihood of detecting a freely diffusible molecule in the
TIRF plane is very low), and, when processing our single-particle
tracking data, we used conservative thresholding. To avoid
Gormal et al.
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Fig. 7. Single-particle detection of endogenous β2-AR by Nb80-mEos2,
Nb37-mEos2, and Nb60-mEos2 following dynamin inhibition with Dyngo4a
before and after isoprenaline treatment. Transfected PC12 cells expressing
(A–D) Nb80-mEos2, (E–H) Nb37-mEos2, or (I–L) Nb60-mEos2 were imaged
and subjected to live FiLM. Cells were pretreated with either DMSO or
Dyngo4a (30 μM) for 20 min, then imaged before and after isoprenaline
treatment (10 μM). Superresolution imaging was performed at 50 Hz. Movies
were processed and single particle tracking was analyzed and represented as
(A, E, and I) MSD as a function of time, (B, F, and J) AUC, (C, G, and K) frequency distribution of the diffusion coefficient, and (D, H, and L)
mobile-to-immobile ratio (M/IM). (N [DMSO] = 9, 10, and 10 cells, respectively, and N [Dyngo4a] = 10, 11, and 10 from three to four independent
experiments). Statistical analysis of the AUC and mobile-to-immobile ratio
was performed using a paired Student’s t test, with the exception of Nb60
Dyngo4a results, which were analyzed by paired Wilcoxon test. (M) Number
of trajectories from each 16,000-frame movie was analyzed to estimate the
change in trajectories upon Dyngo4a and isoprenaline treatment. Paired
Student’s t test was used to compare the number of trajectories before and
after isoprenaline treatment.
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artifacts from connecting distinct molecules, a maximum distance threshold of 0.318 μm between subsequent single-molecule
localizations was applied. Using these settings, we were able to
demonstrate that sptPALM and FiLM give rise to indistinguishable results, suggesting that the contribution of unbound
GBP was negligible within the constraints of our acquisition
settings. There are several other ways in which the contributions
of background unbound GBP-mEos2 could be minimized. We
demonstrated that the “destabilized” GBP nanobodies (37), in
which the unbound nanobody is unstable and degraded, showed
identical mobility using the abovementioned tracking parameters. Alternatively, genetically encoded nanobodies/biosensors
could be generated in cellular systems within the same endogenous promoter as its target protein using the CRISPR-Cas9
system, and achieve equal expression of the nanobody and its
target. Finally, overexpression artifacts can also be overcome by
expression of a biosensor using a transcriptional system that
matches the expression of its target protein (70).
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Fig. 8. Single-particle detection of Nb80-mEos2 and Nb37-mEos2 in PC12
cells using the FiLM technique. (A) Representative PC12 cell, in TIRF, of the
green fluorescent Nb80-mEos2 intrabody that targets the active conformation of β2-AR taken prior to photoconversion with a 405-nm laser. (Scale bar,
5 μm.) The region of interest is defined by the white box in A Superresolution imaging was performed at 50 Hz, and analysis of movies generated (B) average intensity map, (C) diffusion coefficient map distribution
(darker colors represent lower mobility), and (D) trajectory map (color coded
by time; warmer colors acquired later into the acquisition). (E) PC12 cell
expressing Nb37-mEos2 (E–H as per A–D). Analysis of single-particle tracking
was expressed as the (I) MSD as a function of time, (J) AUC, (K) frequency
distribution of the diffusion coefficient, and (L) mobile-to-immobile ratio
(N = 31 and 41 cells for Nb80 and Nb37, respectively). Statistics of AUC and
mobile-to-immobile ratio were performed using a Student’s t test. (M) Distribution of the moment scaling slope of trajectories (n = 6,291 Nb80-mEos2
trajectories from 31 cells and 17,841 Nb37-mEos2 trajectories from 41 cells).
(N) Percentage of immobile, confined, and free motion type identified using
MSS. (O) Trajectories annotated based on different motion types. (Scale bar,
Nb80, 1 μm; Nb37, 0.7 μm.)

large proportion of highly mobile molecules at the plasma
membrane and only a few highly dynamic nanoclusters.
Caveolae are Ω-shaped invaginations on the plasma membrane which are involved in endocytosis and transcytosis (73, 74).
Analysis of the mobility of Cav1 and Cav3 molecules revealed a
predominantly slow diffusive population and a relatively small
freely diffusing population. This is in agreement with a previous
report (75). The freely diffusing mobile population undergoes a
rapid and continuous exchange cycle with the plasma membrane.
We found that the mobility patterns of Cav1 in MDCK cells and
Cav3 in zebrafish muscle fibers were highly similar. Subtle differences could be attributed to the cellular system itself or to a
slightly different range of binding interactors. Interestingly, many
trajectories from both systems exhibited periods of confinement
separated by free diffusion (dual confinement), suggesting that a
small population of Cav molecules can shuttle between caveolae.
It is important to note that, due to the highly clustered nature of
Cav in caveolae, decreased efficiency of nanobody binding could
potentially occur and contribute to that effect. Density must
therefore be considered when interpreting mobility change. In
addition, the different Cav isotypes could have differences in the
30484 | www.pnas.org/cgi/doi/10.1073/pnas.2007443117

rate of assembly and budding off, and thus exhibit varying lifetime duration on the plasma membrane (76).
Using GBP-mEos2, we also characterized the nanoscale organization of EFF-1, a key C. elegans membrane fusogen involved in
a variety of cell−cell fusion events, as well as neurite self-fusion
during remodeling and repair (46–49). In particular, following
axotomy of the PLM neuron, EFF-1 allows the regrowing axon to
contact and fuse with its own separated axonal fragment. Understanding the precise mechanism underpinning this essential
property is paramount to generating novel therapies to reestablish
functional regeneration after nervous system injury. Our data
show that EFF-1 is relatively immobile in intact axons, a finding
that is in agreement with a report of its presence in slow-moving
intracellular vesicles such as early endosomes (77). However, we
also demonstrate that EFF-1 has a small mobile component,
which is likely to reflect some of the plasma membrane molecules.
Assessment of how the nanoscale organization of EFF-1 is affected on the plasma membrane during the repair process would
make an interesting target for further study using FiLM.
Nanoclustering Dynamics of Activated Endogenous β2-ARs. As nanobody applications broaden, the increasing repertoire of nanobody
libraries offers unique opportunities to unravel the nanoscale organization of many essential molecules. In addition, the ability of
nanobodies to facilitate structural studies provides even more opportunities to utilize these existing conformation-specific nanobodies
for single-molecule imaging studies. The use of conformation-specific
nanobodies against β2-AR allowed us to differentiate conformationally distinct subpopulations and determine their mobility and clustering dynamics. We revealed that agonist-induced activation of β2AR-YFP decreases its mobility, leading to clustering. We revealed
that a small subpopulation of endogenous activated β2-AR recognized
by Nb80 are highly immobile compared to expressed β2-AR-YFP
which encompasses the entire repertoire of β2-AR conformations.
This activated conformation, that precedes G-protein coupling, is
theorized to represent a transient high-energy state (60, 78, 79). Our
data demonstrate that this population has the lowest mobility of any
of the tested conformations. Our results also confirm that GPCRs
form nanoclusters/hotspots on the plasma membrane, as recently
demonstrated (52, 80). These nanobodies are therefore able to capture subtle changes to the nanoscale organization of endogenous
activated β2-ARs conformations which could not be fully elucidated
using the overexpressed receptor. We demonstrated that the active
β2-AR conformations detected by different nanobodies (Nb80 and
Nb37) did not change mobility upon agonist treatment. This suggests
that the immobilization of β2-AR-YFP elicited by isoprenaline likely
stems from changes in the proportion of receptors in activated conformations. We further show that the activated state of β2-AR (Nb80)
forms transient nanoclusters that likely represent platforms on which
transducer−effector binding can occur.
Following activation, the Gαs subunit associates with the activated β2-AR to mediate effector binding. The Nb37 nanobody
interacts with the Gαs subunit in its nucleotide-free form and
acts as a biosensor of Gαs-coupled GPCR including β2-AR. We
found that the mobility of Nb37 was significantly higher than the
purely active (Nb80) or inactive conformations (Nb60). Using
MSS and HMM, we identified a larger proportion of Nb37
molecules in freely diffusive state compared to Nb80 molecules.
Increase in freely diffusing molecules could potentially favor exit
from Nb80 positive nanoclusters. Such lateral exclusion could
also be important to regulate the timing of the signaling platforms on the plasma membrane and help generate endocytic
hotspots mediating subsequent internalization, as recently described (52). A correlation between Gαs association and actin
destabilization has recently been found to occur upon activation
of the Serotonin receptor 1a—another GPCR (81). This could
therefore represent a conserved mechanism by which the mobility of the G-protein−linked activated receptors is modulated.
Gormal et al.

Previous studies have shown that “puncta” of Nb80-GFP associating with the membrane in TIRF did not colocalize with
endocytic machinery (including the Clathrin-LC), suggesting
they do not associate with endocytic platforms, but rather reassociated with early endosomes in a second phase of recruitment
and signaling (29). We observed an accumulation of activated
receptors at the plasma membrane upon blockade of endocytosis,
and a dramatic reduction of its mobility. Importantly, this effect
was most robust on the activated receptor populations (Nb80 and
Nb37). These results suggest that these receptors are constantly
being internalized and that the activated species are selectively
targeted for endocytosis upon agonist stimulation. Although we
cannot rule out potential off-target effects of the dynamin inhibitor
used (Dyngo4a), it is the most relevant acute treatment to efficiently block dynamin-dependent endocytosis (82).
These nanoclusters are likely to represent signaling hubs that
accumulate on the plasma membrane when endocytosis is blocked,
but are not necessarily associated with the endocytic event. The
accumulation of active conformations during endocytic block suggests that compensatory endocytosis may serve as a mechanism by
which the β2-AR conformations are kept in a state of equilibrium,
allowing the membrane overall β2-AR population to remain constant and ready to receive further signaling input balanced with a
level of desensitization to curb excessive cAMP downstream events.
How long these nanoclusters remain biologically active is
currently unknown. We used a Voronoï tessellation-based spatial
clustering algorithm and computed the time series of molecular
detections in individual nanoclusters to assess the temporal dynamics of nanoclusters containing endogenous β2-AR in activated conformations. This revealed that activated receptors are
transiently trapped in “hotspot” regions of the plasma membrane, defining individual nanoclusters. We observed these
clusters to intermittently appear and disappear on the plasma
membrane throughout the acquisition and have an approximate
duration of 20 s. The density of detection within these discrete
Gormal et al.

State occupancy (%)

regions is sporadic before and after, but sharply (albeit transiently) increases during this 20-s time window. Moreover, the
mobility of these molecules is also highly reduced within these
regions during this time window. These nanoclusters are therefore short lived, which may regulate efficient receptor desensitization and signal duration. Further understanding the
mechanism affecting the temporal dynamics of GPCR nanoclustering is needed to fully unveil this new regulatory function of
transient nanoclustering in signaling.
The use of purpose-designed nanobodies with specific affinities
for biologically relevant conformations of endogenous proteins
allowed us to use FiLM to unravel the dynamics of endogenous β2AR undergoing specific interactions. More generally, we demonstrated the equivalence of superresolution data acquired using
photoconvertible tagged nanobodies to a GFP-labeled protein
versus the photoconvertible tagged protein itself, showing the
potential to use FiLM to study the membrane dynamics of a wide
range of available GFP-labeled proteins without requiring extensive recloning. FiLM can also potentially be expanded to encompass other intrabodies and other biosensors (83–86), and the
use of alternative tags such as HALO and SNAP (87, 88). As with
all superresolution techniques, careful optimization of sample
preparation and washing, selection of the most appropriate fluorescent ligands (89), and optimization of data acquisition and
processing are crucial. Further, interpretation of the results should
take into consideration whether the nanobody is interfering with
the given biological process studied. Taking these considerations
into account, FiLM provides a platform with which to study the
mobility of intracellular GFP-tagged and endogenous proteins in
selective conformations using superresolution single-molecule
tracking in cultured cells and animal models.
Materials and Methods
PC12 Cell Culture and Transfection. Pheochromocytoma (PC12) cells were
maintained at 37 °C and 5% CO2 in Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 5% fetal calf serum (FCS) (Bovogen), 5% heatinactivated horse serum (Gibco, Invitrogen) and 0.5% GlutaMAX (Gibco,
Invitrogen). Cells were transfected using Lipofectamine LTX and Plus reagent according to the manufacturer’s instructions (Thermofisher Scientific).
For plasmids and detailed information, see SI Appendix.
MDCK Cell Culture and Transfection. MDCK cells were maintained as previously
described (90). The cells were grown in DMEM/F-12 (Life Technologies)
supplemented with 10% FCS and 2 mM L-glutamine. Cav1 constructs were
tagged with mEos2, a kind gift from Katharina Gaus, University of New
South Wales, Sydney, Australia. Tagged constructs were transfected using
Lipofectamine 2000 reagent (Life Technologies) as per the manufacturer’s
instructions.
C. elegans Strains and Imaging Conditions. Nematodes were cultured under
standard conditions (91). Experiments were performed on L3/L4-stage hermaphrodites raised at 22 °C. Prior to imaging, transgenic animals were
washed to remove excess bacteria by transferal, via a platinum wire, through
successive 20-μL drops of M9 buffer for ∼15 min per wash. The animals were
then transferred into a 10-μL drop of M9 buffer containing 0.05% tetramisole hydrochloride onto a 4% agar pad prepared on an 18-mm no. 1.5 glass
coverslip. Once the animals were anesthetized, the coverslip (containing the
animals) was carefully inverted, using tweezers, onto a 29-mm Petri dish
with a 20-mm glass bottom (In Vitro Scientific), with a ∼5-μL drop of 0.05%
tetramisole hydrochloride in M9 buffer. For generation of plasmids for C.
elegans experiments, see SI Appendix.
The strains used were QH6853[vdEx1724(Pmec-4::eff-1::mEos2) + rol6(su1006)], QH6854[vdEx1725(Pmec-4::eff-1::mEos2) + rol-6(su1006)], QH6488
[vdEx1522(Pmec-4::eff-1::gfp+Pmec-4::mEos2-N1-GBP-Nb) + rol-6(su1006)], and
QH6490[vdEx1524(Pmec-4::eff-1::gfp + Pmec-4::mEos2-N1-GBP-Nb) + rol6(su1006)].

KCl, 1.2 mM Na2HPO4, 10 mM D-glucose, 20 mM Hepes, pH 7.4). Time-lapse
TIRF movies were captured at 50 Hz (20-ms exposure per frame) at 37 °C. For
sptPALM, a Stradus 405-nm laser (Vortan Laser Technology) was used to
photoactivate the cells expressing mEos2-tagged constructs, and a Jive
561-nm laser (Cobolt Lasers) was used for excitation of the resulting photoconverted single-molecule fluorescence signal. The sample was illuminated simultaneously with both the lasers. To isolate the mEos2 signal from
autofluorescence and background signals, we used a double beam splitter
(LF488/561-A-000, Semrock) and a double band emitter (FF01-523/610-25,
Semrock). To spatially distinguish and temporally separate the stochastically
activated molecules during acquisition, the power of the lasers was adjusted,
such that the 405-nm laser used 1 to 2% of the initial laser power (4 mW at
the sample plane, from 100 mW out of the laser head), and the 561-nm laser
used 75 to 80% of the full laser power (22 mW at the sample plane, from 150
mW out of the laser head). For imaging of live organisms and single-particle
tracking data analysis, see SI Appendix.
Data Availability. All processed data will be made available upon request and
in The University of Queensland data repository, UQ eSpace (https://doi.org/10.
14264/03a862c). Plasmids will also be deposited to Addgene (https://www.
addgene.org/) upon publication, with the exception of Nb80 and Nb37 which
are available upon request to the Steyaert Lab by emailing mta.requests@vib.be.

FiLM and sptPALM. For live-cell TIRF imaging, transfected cells were visualized
on a Roper Scientific TIRF microscope equipped with an iLas2 double laser
illuminator (Roper Scientific), a Nikon CFI Apo TIRF 100×/1.49 NA oilimmersion objective, and an Evolve 512 Delta EMCCD camera (Photometrics). Image acquisition was performed using MetaMorph software (version
7.7.8, Molecular Devices). Cells were bathed in Buffer A (145 mM NaCl, 5 mM
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