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ABSTRACT Single-molecule counting techniques enable a precise determination of the intracellular abundance and stoichi-
ometry of proteins and macromolecular complexes. These details are often challenging to quantitatively assess yet are essential
for our understanding of cellular function. Consider G-protein-coupled receptors—an expansive class of transmembrane
signaling proteins that participate in many vital physiological functions making them a popular target for drug development. While
early evidence for the role of oligomerization in receptor signaling came from ensemble biochemical and biophysical assays,
innovations in single-molecule measurements are now driving a paradigm shift in our understanding of its relevance. Here,
we review recent developments in single-molecule counting with a focus on photobleaching step counting and the emerging
technique of quantitative single-molecule localization microscopy—with a particular emphasis on the potential for these tech-
niques to advance our understanding of the role of oligomerization in G-protein-coupled receptor signaling.
INTRODUCTION
Many cellular pathways are regulated by proteins that form
into quaternary complexes. Being able to determine the
composition, structural organization, and dynamics of these
macromolecular protein complexes is essential to under-
standing biological function (1,2). For example, protein
stoichiometry is a critical modulator of biological processes
from stem cell division (3), to viral entry by HIV during
infection (4), to signal initiation by G-protein-coupled re-
ceptors (GPCRs). GPCRs provide a powerful example of
the need to develop better tools for measuring protein stoi-
chiometry. GPCRs are membrane proteins involved in
nearly every facet of signaling, which play a key role in a
myriad of physiological responses including visual,
olfactory, pheromone, and taste response, while providing
regulatory control in neuronal and hormonal signaling and
cell homeostasis (5,6). Around 700 FDA-approved drugs
(�35% of the total drug market) target GPCRs, but since
only �12% of GPCRs have been subjected to large-scale
drug screens, they hold tremendous untapped pharmacolog-
ical potential (7). Despite at least two decades of intense
study, whether these receptors or their associated G proteins
assemble into oligomeric complexes, and the functional
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importance of these dynamic complexes, remains highly
controversial (8–10). However, in recent years, advances
in single-molecule imaging have begun to reveal the impor-
tance of the macromolecular organization and dynamics of
GPCRs for controlling signaling outputs.

Signaling occurs when a ligand (agonist), binding at the
extracellular surface of a GPCR, induces long-range confor-
mational changes in the receptor, which in turn activate the G
protein (11). However, the GPCR response is complicated by
oligomerization of both receptors and G proteins and by
involvement in multiple signal pathways with varying effi-
cacy in different environments. According to the prevalent
model, a monomeric receptor couples to a monomeric G pro-
tein in a process promoted by the agonist ligand (12). How-
ever, a different view has emerged in recent years that many
GPCRs form transient or stable homo- or hetero-oligomers
and that those oligomers have a physiological role (13–15).
Attempts to estimate the size of GPCR oligomers in live cells
identified a variety of species, includingmonomers, transient
dimers, stable dimers, and stable tetramers. The identity of
receptors, the expression level, and the evaluation method
are all partly responsible for this lack of consensus.

A multitude of single-molecule fluorescence (SMF) im-
aging and spectroscopy techniques have emerged in the
past three decades to study the structure, dynamics, and in-
teractions of biological macromolecules (16–18). Here, we
review recent advances in SMF counting with an emphasis
on photobleaching step counting (PSC) and quantitative
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single-molecule localization microscopy (qSMLM). We
then focus on studies applying modern single-molecule
counting methods to quantitatively characterize the distribu-
tion of oligomeric species of various GPCRs. While most of
these single-molecule studies were performed in vitro on
detergent-purified samples, several recent studies were
able to successfully track the spatiotemporal oligomeriza-
tion behavior of GPCRs in live cells.
PSC

Among various SMF techniques, PSC is an intuitive and
direct way to investigate the stoichiometry of oligomeric
complexes. Photobleaching is the cessation of emission of
a fluorophore after a certain time, often seconds to minutes,
under continuous excitation. This is due to an irreversible
chemical transition to a non-fluorescent species caused by
singlet oxygen and free radicals in solution. While photo-
bleaching is typically something one tries to mitigate (19),
in PSC applications, photobleaching is utilized to estimate
the number of fluorophores that contribute to an intensity
trace recorded from an individual spot/particle in the image.
Assuming perfect one-to-one labeling efficiency, the num-
ber of fluorophores estimated by PSC equals the number
of units in an oligomer formed by the protein of interest.
Furthermore, PSC can resolve fluorophore localizations
separated by distances as small as 10 nm, with a precision
on the order of 5 nm (20). Thus, PSC analysis can provide
both the number of subunits and their spatial arrangement
within protein oligomers (assuming individual oligomers
can be spatially resolved).

While the basic idea behind PSC is straightforward (i.e.,
simply counting the number of downward steps in an inten-
sity trace from a single spot in the image), there are various
technical hurdles to obtaining accurate counts. As shown in
Fig. 1 C, the fluorescence intensity in a typical trace exhibits
fluctuations due to photon shot noise and to camera offset
and readout noise. The key aspect of the analysis is to iden-
tify photobleaching events through the timing and the size of
the intensity drops. The most direct way to analyze an inten-
in 10 mM MEA/50mM BME to induce blinking and a 13 mM PCA/50 nM PCD

color, go online.
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sity trace is through visual inspection, which requires manu-
ally investigating each individual trace (21,22). Applying
edge-preserving signal filtering, such as the Chung-Ken-
nedy filter, can clean up noisy intensity traces and facilitate
manual estimates of photobleaching steps (23,24). However,
while this yields accurate results for traces with a limited
number of steps (e.g., <10), as the number of fluorophores
contributing to a single trace increase, the process becomes
time consuming, and the results are biased by under-
counting.

A more accurate and automated approach, which was pre-
viously applied in the Gradinaru lab, employs change-point
(CP) analysis (25). The method involves calculating the cu-
mulative sum of the signal and then identifying change
points at the time points where the slope varies. By applying
a Student’s t-test to examine slope changes, the change
points are automatically detected and stored (Fig. 2 A).
This enables an extraction of the number of photobleaching
steps Nst, the stepwise photobleaching intensities Ist, and the
photobleaching times tpb from each trace. Given the incom-
plete labeling and the stochastic nature of excitation and
photobleaching, the distribution of Nst over many (�103) in-
dividual particles can be best described by a binomial distri-
bution (Fig. 2 B), where the maximum number of steps n
reflects the oligomeric size and the probability p corre-
sponds to the probability of detecting a fluorophore in a
multi-labelled oligomeric particle (26). The distributions
of step intensities Ist (Fig. 2 C) and of photobleaching times
tpb can be used to filter out impurities and/or sub-stochio-
metric intensity changes.

In recent years, newBayesian (27),machine-learning (28),
or a combination of both (29) approaches have been devel-
oped to improve the precision and robustness of PSC data
analysis. Recently, we used a Bayesian-based method to
analyze PSC data that incorporates the mean fluorophore
brightness and Poisson shot noise as priors. With the addi-
tional information provided by these physics-based priors,
we are able to optimize our estimate of the initial number
of fluorophores by finding the maximum a posteriori proba-
bility (MAP) of the number of photobleaching steps in a
FIGURE 1 Surface immobilization of a GPCR

dimer with typical intensity traces. (A) Single

Alexa Fluor 647-labeled GPCRs (a dimer is shown

in the illustration [blue: dimer interface]) were

attached to a sparsely biotinylated PEG surface

successively layered with streptavidin and bio-

tinylated anti-His antibody, then imaged via TIRF

microscopy at 638 nm. (B) TIRF image of surface

immobilized, fluorescently labeled GPCRs. (C) In-

tensity trace of a GPCR dimer used for PSC anal-

ysis obtained in 2 mM Trolox and GODCAT

(100 nM glucose oxidase, 1.5 mM catalase,

56 mM glucose) antifade buffer. (D) Intensity trace

of a GPCR dimer used for qSMLM analysis imaged

oxygen scavenging system to reduce photobleaching. To see this figure in



FIGURE 2 Photobleach step-counting analysis.

(A) Intensity time trace (black line) from an Alexa

Fluor 647-conjugated streptavidin molecule

analyzed according to a change-point algorithm

to identify photobleaching steps (red lines). Three

steps were detected for this trace. (B) Data from

161 complexes in a sample were used to build a his-

togram of the number of photobleaching steps per

complex (blue), which was fit to a binomial distri-

bution (red) to acquire the maximum number of

steps n and the probability to detect a single fluoro-

phore p (n¼ 4 and p¼ 0.54 in this case). (C) The values of the intensity drops for all detected photobleaching steps were used to build a histogram of stepwise

intensity (yellow), which can be fit to a generalized extreme value distribution (red line) to acquire the mean and standard deviation of intensity values for a

single fluorophore molecule. To see this figure in color, go online.
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given data trace. This yields a simple, reliable, and computa-
tionally efficient method for extracting accurate counts from
PSC data (30). Comparison of CP andMAPmethods on both
simulated data and experimental data from a (short) standard
DNA ladder construct yielded similar results (30). However,
the MAP analysis can reliably estimate the number of steps/
fluorophores in a single trace up to Nst �100, while the CP
analysis increasingly underestimates the number of steps
above Nst �10. One limitation for the MAP analysis is that
the brightness of a single emitter is required as a prior and
that variation due to the local molecular or cellular context
can skew the results. However, efficientMarkov chainMonte
Carlo approaches should be able to characterize a rough like-
lihood for individual PSC traces without calibration and even
avoid bias due to small photon budgets.
qSMLM

There now exist a number of visible light-based microscopy
techniques capable of resolving nanometer-scale cellular
features. Here, we limit our discussion to a category of these
techniques collectively known as SMLM, which includes
(direct) stochastic optical reconstruction microscopy ((d)
STORM) (31–33), (fluorescence) photoactivation localiza-
tion microscopy ((f)PALM) (34,35), and DNA point accu-
mulation in nanoscale topography (DNA PAINT) (36,37),
among others. SMLM relies upon harnessing sparse and
random blinking of fluorescent labels to spatially dilute a
fluorescent signal in time. The spatial coordinates of indi-
vidual labeled molecules can then be determined or ‘‘local-
ized’’ to a precision that scales like s=ONp, where s is the
width of the point-spread function and Np is the number
of collected photons. From the assembled table of localiza-
tions, a detailed image can be constructed with a spatial res-
olution well below the diffraction limit. Typically, SMLM
can attain a 10–20 nm lateral resolution with slightly poorer
depth resolution, although newer modalities like MINFLUX
(38,39), ROSE (40), or SIMPLE (41), which combine
SMLM with structured illumination, have shrunk the lateral
resolution to �1 nm.

Beyond generating images, the datasets acquired by
SMLM contain the necessary information for counting sin-
gle molecules (42–45). If interpreted correctly, these
datasets would reveal quantitative properties of cellular pro-
teins such as their local concentration and oligomeric size.
Because of the significantly increased spatial resolution,
qSMLM could infer these properties for proteins expressed
at relatively high densities or for complexes within close
(10–50 nm) spatial proximity to one another (Fig. 3 A). In
contrast, PSC often requires artificially modulating protein
expression levels to reduce the density of protein complexes
in the cell membrane. This is so that individual complexes
may be resolved but may result in deviations from physio-
logical activity of the protein under study (22,24).

While each localization identifies a single fluorophore, a
single fluorescence emission periodmay span several frames,
and, during the course of an experiment, one fluorophoremay
cycle multiple times between ON and OFF states (i.e., states
that are visible or not visible, respectively, within the detec-
tion channel). Temporally consecutive localizations can, in
theory, be clustered into a series of blinks emanating from
each fluorophore. Blinking can lead to an over-estimation
of the number of molecules if left unaccounted for, while
any missed blinks arising from temporal binning, spatial
overlap, background noise obscuring the signal, etc., can
lead to an under-estimation in the count (46–48). This
over- and under-counting can result in image artifacts, such
as the apparent clustering of spatially uncorrelatedmolecules
or degraded image reconstructions (49,50), and is particu-
larly vexing for molecular counting applications.

Statistical spatial metrics such as pair-correlation analysis
can differentiate the apparent clustering caused by multiple
localizations of a single molecule from actual oligomers.
The pair-correlation function provides a relative measure
for the probability of detecting a molecule some distance r
away from another when compared with that of a random
distribution of molecules (Fig. 3 Bi). This metric enables
the quantification of the density and radius of clusters as
well as an estimate of the average number of monomers
within a cluster (51,52). Recent extensions of this method
are additionally able to provide image reconstructions
with minimal blinking artifacts (53).

Over-counting can also be mitigated by temporally
grouping blinks using prior knowledge of the photophysics
Biophysical Journal 121, 3175–3187, September 6, 2022 3177



FIGURE 3 Quantitative single-molecule locali-

zation microscopy. (A) Pointillistic map of

SMLM. The dashed (red) circle represents a

point-spread function of radius sPSF. Given a

typical SMLM resolution of 20 nm, the two mole-

cules in the diffraction-limited spot can be visually

differentiated. In rare cases, the subunits of a com-

plex can be resolved (in this case, as a dimer and

trimer). (B) More often, a spatial (i) or temporal

(ii) analysis is employed to identify the composi-

tion of oligomeric complexes. The temporal anal-

ysis may involve determining photokinetic

parameters such as ON times (tONÞ, OFF times

(tOFF), and photobleaching times (tPB) to optimize

a temporal bunching radius tC for clustering blinks.

(C) The number of blinks emitted by many fluoro-

phores used in SMLM follows a discrete exponen-

tial (geometric) distribution (simulated data). (D)

The relative populations of oligomeric mixtures

can be estimated from the blinking distribution of

the ensemble (simulated data). To see this figure

in color, go online.
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of individual fluorophores. Calibrating for the characteristic
dark time (toff) enables one to optimize a temporal threshold
(tc) for associating blinks to a single molecule (Fig. 3 Bii)
(49,54). The counting accuracy can be further improved
by combining temporal clustering with pair-correlation or
other spatial clustering methods (55–58). Characterizing
the photokinetics of a fluorophore, however, can be chal-
lenging within the complex cellular environment but may
be addressed by employing stochastic models of blinking
such as hidden (59) or aggregated Markov models (60).

An alternative to spatially or temporally clustering local-
izations is to make use of the empirical observation that
many fluorophores tend to blink a geometrically distributed
number of times before photobleaching (54,61–63) (Fig. 3
C). Milstein et al. has shown that this information can be
embedded into a statistical model that enables one to extract
a maximum-likelihood estimate of the number of molecules
from the observed number of blinks (64,65). Initially, a
separate calibration was required to characterize the single
fluorophore blink distribution. However, we have since
shown that it is possible to apply an expectation-maximiza-
tion-based learning algorithm to characterize the underlying
blink distribution while simultaneously performing stoi-
chiometric measurements in cells (Fig. 3 D), rendering the
technique calibration free (66).

We recently explored the dynamic range of qSMLM in
(67). Given that the duty cycle can be thought of as the
probability of a fluorophore being ON in a given frame, a
general rule of thumb is that the duty cycle must be much
smaller than the inverse of the fluorophore density: duty cy-
cle<< 1/N, where N is the number of fluorophores within a
diffraction limited volume (68). This translates to a dynamic
range �100s of molecules for many imaging applications.
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However, this estimate does not account for effects due to
the discretization of emissions into frames or photobleach-
ing of fluorophores. In (67), we showed that the inverse
scaling of the duty cycle with fluorophore density holds
for both localizations and blinks when accounting for these
experimental complexities and that accurate counting of
�100s of molecules should still be attainable.
TECHNICAL REQUIREMENTS FOR SINGLE-
MOLECULE COUNTING

There are several excellent review and methods articles that
go into depth on the technical requirements of single-mole-
cule imaging and counting (69–72). For a more complete
perspective, we refer the reader to those resources and
instead discuss here the technical issues either unique or
particularly critical to molecular counting with PSC and
qSMLM.
Bright and photostable fluorophores

Fluorescence stems from radiative relaxation from the first
excited singlet state to the ground state on a nanosecond
timescale. Intersystem crossing from the excited singlet to
long-lived triplet states competes with fluorescence, result-
ing in intervals of low/dark signals (blinks). Single-fluoro-
phore intensity traces with minimal blinking are desired
for PSC applications, which requires decreasing the inter-
system crossing rate and/or increasing the rate of triplet
relaxation back to the ground state. Although photobleach-
ing is a poorly understood process, two factors are impor-
tant: excessive irradiation intensity and interaction with
molecular oxygen via the triplet state (73). Long exposure
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times, seconds to minutes, at relatively high excitation in-
tensities (�10s–100s of W/cm2) are needed to obtain
high-quality PSC data that display well-defined stepwise
drops in single-particle intensity traces (74). Therefore, it
is imperative that experimental conditions are tuned to sta-
bilize the emission of the fluorophore at a level well above
the background noise while avoiding frequent blinking and
premature photobleaching.

To meet such requirements, bright and photostable fluoro-
phores are adopted for PSC experiments (Table 1). Molecu-
lar brightness, which is defined by the product of molar
extinction coefficient ε (photon absorption ability) and fluo-
rescence quantum yield 4E (photon emission ability), deter-
mines the emission rate (photons/s) at a given excitation
intensity. As shown in Table 1, photon budgets tend to
vary by roughly an order of magnitude due to imaging
conditions and estimation methods. Together with photo-
stability (i.e., the average time to photobleaching), this de-
termines the total photon budget per fluorophore Nph.
Typically, due to geometrical, optical, and detection limita-
tions, less than 10% of the photon emission budget is re-
corded experimentally.

Fluorescent proteins (FPs), which are routinely co-ex-
pressed with proteins of interest, were first isolated and
used for in vivo fluorescence imaging in the mid-1990s
(87,88). Subsequently, a large collection of FPs with
different excitation and emission spectra were developed
and applied to fluorescence imaging studies across a range
of biological systems (89). However, most FPs are not opti-
mally suited for single-molecule observations. Apart from
having relatively poor brightness and photostability, many
popular FPs, including GFP and dsRED, can form homo-
oligomers (90) and lead to an overestimation of the olig-
omer size via PSC or qSMLM analysis. Highly monomeric
FPs, most of which have been engineered in direct response
to this issue (91), should always be employed for counting.
Still, incomplete maturation, common to all FPs to varying
TABLE 1 Photophysical properties of fluorophores used in PSC

Fluorophore lexc=lem (nm) ε ð�104Þ ðM� 1cm� 1Þ 4E Nph ð� 103Þ
Alexa488 494/519 7.3 0.92 N/A

EGFP 446/507 5.59 0.6 400

Cy3 554/568 15 0.04 270–3,000

mCherry 587/610 7.2 0.22 150

Cy5 646/662 25 0.27 50–650

Alexa647 651/672 27 0.33 50–680 0.4

The extinction coefficient (ε), quantum yield (4E), and the average photon budg

engers (OXS) being used.
aTRP, tryptophan; MET, methionine.
bBME, b-mercaptoethanol.
cCOT, cyclooctatetraene; NBA, 4-nitrobenzyl alcohol.
dPCA/PCD, 2.5 mM protocatechuic acid (PCA), 50 nM protocatechuate-3,3-dio
eGODCAT, 100 nM glucose oxidase, 1.5 mM catalase, 56 mM glucose.
degrees, leads to sub-stoichiometric labeling and can cause
an under-estimation of oligomer size (92,93). As such, care-
ful control experiments on standard samples are needed to
validate the results when using FP tags (26).

More recently, organic dyes (e.g., from the Alexa and
Cy(anine) family) have been widely applied for PSC,
benefiting from their smaller size, higher brightness, longer
photostability, and more robust labeling chemistry (94).
These dyes are attached to a target protein through either
direct labeling (e.g., the fluorophore conjugated to a malei-
mide group interacts with a thiol group on a cysteine (95)) or
indirect labeling (e.g., a dye-labeled synthetic peptide is
attached through ligation (96,97)). While labeling effi-
ciencies >90% can often be attained, the presence of unla-
beled protein still causes an underestimation of the oligomer
size, which needs to be accounted for in the data analysis.
Moreover, these labeling strategies are widely used in puri-
fied samples and are not compatible with measurements in
live cells. Conversely, rapid labeling via click chemistry
(98) or protein tags for organic fluorophores, such as
HaloTag (99), SNAP-tag (100), and CLIP-tag (101), enable
fluorophore self-labeling of proteins in live cells. More
recently, bright photostable dyes from Janelia Farms (e.g.,
JF646) and self-healing cyanine dyes that have a triplet
quencher covalently attached (e.g., Lumidyne655) can
extend observation times of labeled proteins to several mi-
nutes and significantly improve the accuracy and dynamic
range of PSC estimates of molecular stoichiometry.

In addition to selecting the brightest and most photostable
fluorophores, adequate photo-protectant imaging buffers are
needed to optimize their photophysics. For PSC experi-
ments, excursions to the triplet state should be minimized
to ensure that an intensity drop corresponds to a photo-
bleaching event and that the average step intensity is not
lowered by fast averaging of ON and OFF emission states.
To that end, quencher molecules are included in the imaging
buffer to deactivate the triplet state back to the ground state
TSQ OXS Refs

10 mM cysteamine, 50 mM Trp,

50 mM Meta
PCA/PCDd (75,76)

143 mM BMEb N/A (33,77–79)

0.4 mM Ni2þ,1 mM COT, 2 mM

NBA, 2 mM Troloxc
PCA/PCD (19,72,75,77)

5 mM Trolox N/A (78,80,81)

0.4 mM Ni2þ,143 mM BME, 1 mM

COT, 2 mM NBA, 2 mM Trolox

GODCATe (19,72,75,77,82,83)

mM Ni2þ,143 mM BME, 2 mM Trolox GODCAT (19,84–86)

et (Nph) all depend on the triplet state quenchers (TSQ) and oxygen scav-

xygenase (PCD).
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through a redox reaction (73). Table 1 lists the triplet
quenchers (e.g., cysteamine, BME, Trolox) commonly
used with the most popular fluorophores employed in PSC
studies. Without adding a triplet quencher to the imaging
buffer, the dissolved molecular oxygen quenches the fluoro-
phore triplet state. The resulting reactive (singlet) oxygen
chemically alters the fluorophore and causes a significant
decrease in the time to photobleaching. Thus, oxygen scav-
enger compounds must be also included in the imaging
buffer to extend the observation time and acquire PSC steps
that are well separated in time. One of the first solutions im-
plemented was the glucose-catalase (GODCAT) oxygen
scavenger system (102), while later, the protocatechuic
acid/protocatechuate-3,4-dioxygenase (PCA/PCD) system,
which maintains pH, was adopted with good results (75).
The two systems, triplet quencher and oxygen scavenger,
may function differently for different fluorophores, and op-
tions used for popular fluorophores in PSC studies are listed
in Table 1.

qSMLM similarly requires bright fluorophores (since the
localization precision scales with the square root of the
number of photons detected) and a quenched triplet state
(leading to a photostable emission) (see Table 2). In contrast
to PSC, qSMLM utilizes fluorophores that exhibit a sparse,
intermittent emission pattern (i.e., blink). This is commonly
achieved by utilizing photoswitchable (cycle between ON
and dark state), photoactivatable (activate to ON), or photo-
convertible (cycle between ON and a shifted frequency)
fluorophores. Alternatively, blinking may also be achieved
by controlling the binding/unbinding rate of a more conven-
tional fluorophore to a target as in PAINT. Because of the
various methods for obtaining a sparse emission, qSMLM
requires excitation intensities ranging from �10s of
W/cm2 via PALM/PAINT up to several kW/cm2 for
dSTORM.

A range of organic fluorophores can be used for qSMLM
(108), with Alexa 647 being by far the most common due
to its superior brightness and photoconversion efficiency.
For most organic dyes, efficient photoswitching requires
an imaging buffer that contains both an enzymatic oxygen
scavenging system and a primary thiol, often either b-mer-
TABLE 2 Photophysical properties of common fluorophores used

Fluorophore lexc=lem (nm) lact (nm) ε ð�104Þ ðM� 1cm� 1Þ
mEOS3.2 516/580 405 6:34

mMaple3 566/583 405 3:0

PAmCherry1 564/595 405 1:8

Dendra2 561/573 405 4:5

Atto488 501/523 N/A 9:0

Atto565 563/593 N/A 12:0

Cy5 648/670 N/A 25:0

Alexa647 650/665 N/A 23:9

The extinction coefficient (ε), quantum yield (4E), duty cycle (DC), average num

chemical environment of the fluorophore and therefore vary depending on the im

reach much lower duty cycles than many organic fluorophores but typically un
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captoethanol or mercaptoethylamine. A number of prom-
ising dyes have recently been developed at Janelia Farms
that are compatible with SMLM and can be induced to blink
in standard dSTORM buffers (JF549/JF646) or can be pho-
toactivated (PA-JF549) for PALM imaging (109). More
recently, deuterated analogs of these dyes were synthesized
that were found to be even brighter and more photostable
(110). Likewise, improved imaging buffers (111,112),
new self-healing dyes that obviate the need for additional
photostabilizers (113–115), and spontaneously blinking
dyes (116) typically increase the signal-to-noise ratio while
reducing the environmental sensitivity of the fluorophores.

When performing qSMLMwith organic fluorophores, the
labels must still be introduced into the cell and attached to a
target protein with high efficiency and specificity. Perhaps
the most common approach is through immunolabeling,
but this can result in clustering artifacts due to the large
size of the antibodies and multiply bound, fluorescently
labeled secondary antibodies. An alternative is to employ
cell-permeable protein tags used for PSC and other SMF
imaging applications in live cells (e.g., SNAP-tag or
HaloTag), which have also become increasingly popular
for super-resolved imaging (117). Again, these methods
can achieve a labeling efficiency >90%, making them ideal
for qSMLM.

Alternatively, photoactivatable/convertible FPs (e.g.,
Dendra2, mMaple, and PA-mCherry) may be employed
for qSMLM, with the primary advantage being that they
can be genetically expressed with a protein of interest to
maintain a desired one-to-one labeling. At present, however,
the labeling efficiency of FPs is limited to �70% due to
incomplete maturation and inefficient photoactivation/con-
version (92,93). If the maturation rate and photoactivation/
conversion efficiency are known, these factors can be cor-
rected for using appropriate mathematical models (92);
however, in general, such low labeling efficiency is prob-
lematic. Likewise, as mentioned above, FPs also tend to
dimerize or form higher-order oligomers (90), particularly
at high concentrations, and typically emit 1–2 orders of
magnitude less photons than some of the best organic
dyes (108). With that said, in recent years, bright and
in qSMLM

4E DC (� 10� 4) Nblinks Nph ð� 103Þ Refs

0:84 0:03 2:4 1.2–2.8 (103–105)

0:74 0:006 2:8 1.8–2.6 (105,106)

0:46 0:08 1:0 0:7 (104,107)

0:5 0:04 2:7 0.4–1.8 (104,105)

0:8 6–22 11–49 3–4 (105,108)

0:9 3.7–5.8 4–5 60–89 (108)

0:28 4–7 10–17 57–79 (108)

0:33 1.3–12 3–28 85–117 (105,108)

ber of blinks (Nblinks), and the average photon budget (Nph) all depend on the

aging conditions. A common characteristic is that fluorescent proteins can

dergo fewer blinking cycles and emit less photons.
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monomeric FPs, such as mEos3.2 and PA-mKate2, have
been developed for SMLM applications (103,104).
SMF counting instrumentation or step counting
requires more than a FitBit

The most common instrument used for single-molecule
counting is the total internal reflection fluorescence
(TIRF) microscope (118), which employs excitation via
the evanescent field at an interface between a glass coverslip
and the sample solution. The penetration depth of the expo-
nentially decaying evanescent wave is �100 nm for visible
light, resulting in excitation of labeled particles that are
confined transiently or permanently at the interface and
ensuring a superior signal-to-noise ratio compared with
confocal microscopes. With this advantage, the photo-
bleaching steps or blinks of fluorophores can be counted
more unambiguously without interference from the back-
ground signal. TIRF is commonly achieved using an objec-
tive with a high numerical aperture (>1.45) to ensure that
the incident angle of the excitation beam at the glass/water
interface is larger than the critical angle, as is shown in
Fig. 1 A. The red-shifted emission is separated from the
back-reflected excitation via appropriate dichroic mirrors
and long- and band-pass filters.

While the instrumentation needed for SMF counting is
similar to that used for general TIRF imaging, recent im-
provements in detector technology and illumination shaping
techniques have enhanced the accuracy of PSC and qSMLM
data analysis. In the early days of SMF imaging via TIRF,
the most widely used camera was the charge-coupled device
(CCD) and, later, the improved electron-multiplying CCD
(EMCCD). EMCCD technology has been dominant for
many years for single-molecule imaging applications due
to its high quantum efficiency (�90%) and on-chip amplifi-
cation, which renders it virtually single-photon sensitive
(119,120). Although EMCCDs are still unmatched at
overcoming readout noise in the low-signal regime (<10
photons/pixel), in recent years, scientific complimentary
metal-oxide semiconductor (sCMOS) cameras have begun
to replace EMCCD cameras in SMLM applications. While
CMOS cameras have long offered higher frames rates and
larger fields of view at a lower cost than CCD-based detec-
tors, their previously limited quantum efficiency (�60%)
and pixel-dependent noise properties hindered their use in
SMF imaging (121,122). As the quantum efficiency of
sCMOS cameras is now comparable to that of EMCCD
cameras (122), they can now match or even outperform
EMCCD cameras in many SMLM applications (123).

For most SMF imaging applications, illumination is with
the typical Gaussian-shaped profile of commercial lasers.
For both imaging and counting applications, this inhomoge-
neous illumination limits the field of view that can be re-
corded, as the rate of fluorophore excitation and emission
changes as a function of position. In addition, for counting
techniques that require a calibration, a non-uniform illumi-
nation profile may affect the fluorophore photophysics.
Typically, the excitation beam is expanded to make the illu-
mination quasi-homogenous over the detection area, but this
necessitates higher power and more expensive lasers and
will prebleach a larger area of the sample outside the field
of view. To overcome these challenges, several groups
have developed methods to flatten the illumination profile
into a so-called top-hat profile. These methods involve in-
serting an optical element in the laser path such as special-
ized optical fiber setups (124,125), beam shapers (126,127),
or rapid scanning using shakeable mirrors (128). Many of
the proposed methods to achieve flat-top illumination pro-
files are also compatible with a TIRF illumination geometry.
Flat-top illumination also allows the extension of the usable
field of view to make complete use of the larger detector
areas of sCMOS cameras (129).
Calibration standards and control experiments

Any molecular counting measurement requires a proper set
of experimental controls. In (26), we used surface immobi-
lized EGFP concatemers of up to four identical units to cali-
brate the PSC analysis of purified muscarinic M2 receptor
and an afferent Gi protein. As proof of principle for the
Bayesian MAP method (30), we used self-assembled inter-
leaving DNA structures (‘‘ladders’’) formed by partially
complementary DNA strands, each labeled with a Cy5
dye. Similarly, several in vitro surface assays to characterize
the photophysical properties of fluorophores for qSMLM
have been proposed. Golfetto et al. (130) developed surface
assay for molecular isolation (SAMI) from fluorescent
ligands that bind to a specific target site on engineered
antibody fragments. Nucleic-acid-based platforms created
from two- and three-dimensional DNA origami structures
have been developed as calibration both for dSTORM
(131,132) and, adapted from a commercial template, for
qPAINT (133). The reader is referred to the excellent proto-
col for designing and building standardized DNA origami
structures by Schmied et al. (134). Note that DNA origami
structures, with appropriate labels and buffer conditions,
can also be used as standards in PSC studies.

A serious concern with any in vitro calibration is that the
cellular environment may alter the fluorophore photophy-
sics. The most straightforward solution would be to perform
calibration measurements on intracellular proteins with
well-known stoichiometries. In (65), we used monomeric
variants of the carcinoembryonic antigen-related cellular
adhesion molecules to calibrate for the blinking distribution
of Alexa647 for qSMLM. Similarly, monomeric cell surface
receptors CD86 with either one or two SNAP tags fused to
their N-terminus were used as effective controls for in-cell
studies of GPCR oligomerization (135).

Several groups have proposed more general intracellular
protein-based standards for molecular counting. In Xenopus
Biophysical Journal 121, 3175–3187, September 6, 2022 3181



Milstein et al.
oocytes, the human glycine receptor has a well-defined, sta-
ble stoichiometry of either two, three, or five, dependent
upon which subunit is labeled and expressed. This feature
was directly used to calibrate for the photoconversion/acti-
vation efficiency of many commonly employed, photocon-
vertible/activatable FPs including mEOS3.1, Dendra2,
mMaple, and PA-mCherry (136). Similarly, homo-oligo-
meric bacterial proteins such as FsaA, GlnA, and FtnA,
with respective stoichiometries of 10, 12, and 24, can be
employed in a similar fashion and can be expressed and
assembled in mammalian cells (137). The nuclear pore com-
plex (NPC) appears to be a particularly versatile calibration
standard both for imaging and counting (92). A variety of
nucleoporins (Nups), which make up much of the structure
of the NPC, are present at a conserved copy number and can
be co-expressed with either an appropriate FP or a SNAP-
tag/HaloTag for covalent labeling by an organic dye. For
instance, in (92), Nup 96 (present at 32 copies per NPC)
was employed as a standard within human embryonic
kidney cells to quantify the abundance of several other
Nups. Nup 188 (at 16 copies per NPC) was similarly used
as a calibration standard within Saccharomyces cerevisiae.
APPLICATIONS TO GPCR OLIGOMERIZATION

Supramolecular architectures of proteins are intimately related
to their cooperative and regulatory behavior, with hemoglobin
as a classic example. It is therefore tempting to speculate that
oligomers of GPCRs are conducive to inter-protomer interac-
tions that give rise to signaling cooperativity and the complex
ligand-binding effects observed experimentally, which cannot
be explained by the classic ternary model (138). Single-mole-
cule countingmethods can quantify the composition of ternary
protein complexes, which can delineate the mechanistic
pathway of activation and signaling involving oligomers of
GPCRs coupled to oligomers of G proteins.

The oligomeric size of detergent-purified muscarinic M2

receptor (M2R) and of attendant Gi1 protein was measured
3182 Biophysical Journal 121, 3175–3187, September 6, 2022
by PSC by Gradinaru et al. (26). The two proteins were
tagged with EGFP and examined via TIRF imaging, both
separately and coupled together in a co-purified M2R-Gi1

complex (Fig. 4). The photobleaching behavior was cali-
brated using concatemers of EGFP of known oligomeric
size, purified to homogeneity. Immobilized particles of the
purified EGFP-tagged M2R displayed up to six photobleach-
ing steps. The distribution of intensities from only four
of those steps resembled the distribution from single fluoro-
phores in multiplexed controls, suggesting that M2R was pu-
rified primarily as a tetramer. The oligomeric state of the
receptor was essentially unaffected by ligand binding. In
contrast, EGFP-tagged Gi1 was purified primarily as hexam-
ers, and G-protein oligomerization appeared to be stabilized
through interactions between the a-subunits. Interestingly,
coupling of M2R and Gi1 resulted in a supramolecular com-
plex of four receptors and four G proteins (Fig. 4 C and E).
In this octameric complex, simultaneous activation of the re-
ceptor by agonist and of the G protein by GTP led to a
reduction in the oligomeric size of the latter to monomers
and dimers (Fig. 4 F). These in vitro findings were supported
by a follow-up study in live cells (139), where we reported
significant levels of oligomeric M2R and Gi1 using fluores-
cence cross-correlation spectroscopy. We discovered that
agonist ligands promote transient coupling of otherwise in-
dependent oligomers of the two proteins.

Lohse et al. (135) exploited TIRF single-particle tracking in
live cells to determine the oligomeric sizes ofb1-adrenergic re-
ceptor, the b2-adrenergic receptor, and the GABAB receptor.
Receptors were labeled with Alexa647 via an extracellular
N-terminal SNAP-tag, and monomeric and dimeric controls
(CD86 with one or two SNAP tags) were used for validation
and correction for random colocalization. By integrating PSC
analysis with Gaussian fitting of trace intensities, the authors
found that the b1-adrenergic receptor was �80% monomeric
and showed an increasing fraction of dimers at higher expres-
sion levels, while the b2-adrenergic receptor was predomi-
nantly dimeric (�60%) at low densities (�0.1 particle/mm2)
FIGURE 4 (A) Photobleaching of surface-teth-

ered, receptor-coupled EGFP-Gi and Gi1-coupled

EGFP-M2 receptor. (B) The data support the exis-

tence of a stable hetero-octamer (four M2 receptors

coupled to four Gi1 proteins) that, upon activation

of both the receptor and the G protein, dissociates

into smaller subunits. (C and E) The distribution

of photobleaching steps for each complex was fit

to a binomial distribution (n ¼ 6, p ¼ 0.58,

Navg ¼ np ¼ 3.5). Further filtering using mono-

meric controls of the step intensity distribution sug-

gested that both M2 receptor and Gi1 are most

probably tetrameric in complex with each other.

(D) The number of steps decreased significantly

for the labeled receptor in the presence of antago-

nist ligand, 10 mM NMS, (F) and for the labeled

G protein in the presence of 10 mM GTPgS. Data

are reproduced with permission from (26). To see

this figure in color, go online.
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and formed significant fractions of tri- and tetramers at higher
densities (�0.5 particle/mm2). In contrast, the g-aminobutyric
acid receptor, a prototypical family-C GPCR, consisted preva-
lently of heterodimers at low densities and of tetramers (dimers
of dimers) and octamers (tetramers of dimers) at high densities.
A similar approach from the sameauthors has recently revealed
that the chemokine receptor CXR4, which is a primary target
for drug development, exhibits transient oligomerization that
is disrupted by inverse agonists binding to a minor sub-pocket
of the receptor (140).

Other family-C receptors, such as metabotropic glutamate
(mGlu) and calcium-sensing receptors have been shown to
form functional dimers using single-molecule methods.

Vafabakhsh et al. used subunit counting to investigate
homodimerization and heterodimerization of purified
mGluRs tagged with GFP (141). They found evidence that
mGluR2 forms homodimers mediated by interactions be-
tween ligand-binding domains. Using two-color PSC on
GFP- and mCherry-tagged receptors, they also showed
that mGluR2 readily forms heterodimers with other sub-
types of mGluRs, especially mGluR3. By combining PSC
and single-molecule fluorescence resonance energy transfer
data, the authors proposed a model of cooperativity gating
within mGluR heterodimers that produces both basal activ-
ity and a non-linear response and may be adapted to respond
to distinct spatiotemporal synaptic glutamate profiles.

One of the earliest efforts to apply qSMLM to the study of
GPCRswas reported in Jonas et al. (142). Employing dual-co-
lor PALM with photoactivatable dyes, Jonas et al. probed the
high degree of oligomerization of two functionally defined
mutants of the luteinizing hormone receptor (LHR): LHRB�
and LHRS�. The high spatial resolution they were able to
attain (�8 nm) enabled them to directly resolve individual re-
ceptors in distinct oligomeric complexes. In fact, they were
able to infer the existence of complexes ranging from trimers
to oligomers containing as many as 9 protomeric receptors.
The ratio of LHRB� to LHRS� in complex modulates the
ligand-induced signal sensitivity.Quantitative PALM imaging
of these oligomeric complexes was able to reveal both their
abundance as well as details on the structural organization of
the individual protomers within the various oligomers.

More recently, quantitative dSTORM was used to inves-
tigate the nanoscale organization of the mGluR4 at presyn-
aptic active zones in the mouse cerebellum (143). Multiple
nanodomains were imaged inside active zones, each con-
taining either monomers or dimers of mGluR4. The study
provided direct support for the existence of endogenous
mGluR4 dimers and implicated mGluR4 in regulating
voltage-gated calcium channels and/or the secretory mech-
anisms involved in synaptic transmission. Similarly, Möller
et al. (144) applied quantitative dSTORM imaging to assess
the monomer-dimer equilibrium of SNAP-tag labeled
m-opioid receptors, a pharmaceutical target for chronic
pain. They found that while the wild-type receptors were
strictly monomeric, �80% of receptors in the constitutively
active mutant T279K existed as dimers. Likewise, upon
stimulation by a full agonist (DAMGO), �90% of the
m-opioid receptors were detected as dimers. Their analysis
was supported by employing the b1-adrenergic receptor as
a monomeric control and CD28 as a dimeric control.

An alternative approach employing qPAINT, which may
overcome some of the over-counting artifacts that plague
dSTORM and PALM, has very recently been adapted to
study the oligomerization of the purinergic receptor Y2
(P2Y2) (145). P2Y2 is a rhodopsin-like GPCR expressed
at high levels and was studied within a pancreatic cancer
cell line. It was revealed that while the density of P2Y2 re-
ceptors was unchanged in the presence of an antagonist, a
reduced number of receptors were concomitantly found as
oligomers. Conversely, treatment by an agonist did not
affect the oligomeric state of the receptors.

Finally, advances in fluorophore technology, developed
expressly for qSMLM, are set to accelerate our understanding
of GPCRs. For instance, self-blinking carbon dots (CDs) are
both relatively insensitive to the local environment and can be
tuned to yield a single, bright burst of fluorescence. He et al.
(146) employed antibody fragment-conjugated CDs to study
the chemokine receptor CXCR4, which is a potential drug
target for HIV and several cancer types. Because the CDs
each emitted only a single blink, He et al. could simply clus-
ter and count the localizations to ascertain the extent of olig-
omerization within each cluster. These novel fluorophores
enabled them to report both the endogenous dimerization
of CXCR4 and to map the spatial distribution of the ligand-
regulated receptors on the cell membrane.

The studies described above challenge the notion of mono-
mers as the exclusive element of signalingwhile raising impor-
tant questions about the nature and role ofGPCR oligomers. A
significant involvement of oligomers in GPCR-mediated
signaling has implications for understanding the underlying
mechanism and its role in disease, and it opens up exciting
new approaches to therapeutic intervention. Furthermore, su-
pramolecular oligomeric receptor-G protein complexes, tran-
sient or (meta)stable, offer a viable mechanism for multiple
signaling pathways and biased agonism (15,147).
SUMMARY AND OUTLOOK

SMF counting techniques have matured considerably in
recent years due to advances in fluorophore photophysics,
imaging technology, and data analysis. Table 3 highlights
the most salient advantages (pros) and disadvantages
(cons) of molecular counting with both PSC and qSMLM.
The methodology described here is ready to be deployed
for a wealth of applications aimed at disentangling the
size, organization, and dynamics of supramolecular com-
plexes. We focused on recent studies that revealed the olig-
omerization state of several GPCRs and the role of these
oligomers in signaling. Oligomers of G proteins have
received much less attention, and they have typically been
Biophysical Journal 121, 3175–3187, September 6, 2022 3183



TABLE 3 Advantages and disadvantages of PSC and qSMLM

Technique Pros Cons

PSC

� directly identifies the oligomeric
state of individual molecular

complexes
� provides super-resolved struc-

tural information about indi-
vidual oligomers

� can be employed in live cells/on
dynamic complexes

� ability to identify individual
oligomers is diffraction

limited; may need to artifi-
cially reduce protein density/

expression levels
� challenging to count large oligo-

meric complexes (>8-10 proto-
mers)

qSMLM
� allows counting at high densities/

protein expression
� possible to quantify large com-

plexes (�100s of protomers)
� provides structural information

about individual oligomers
� complemented by super-resolved

spatial imaging

� limited to fixed samples or slowly
moving target proteins

� sensitive to cellular environment/
requires careful calibration

� typically does not identify indi-
vidual oligomers, rather, pro-

vides information on oligomeric
fractions within a cell

Milstein et al.
discarded as artifacts of purification; however, future single-
molecule studies in live cells should reveal their diffusion
and oligomerization dynamics and document their involve-
ment in the signaling process. Furthermore, counting exper-
iments coupled with molecular dynamics simulations and
site-directed mutagenesis can provide a map of critical in-
ter-monomer contacts with receptor and/or G protein oligo-
mers. The results will be vital for defining the energetics and
the architecture of oligomeric assemblies of GPCRs and will
provide useful insights for the development of novel drugs
that control oligomer formation.
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