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Membrane protein structures are highly under-represented relative to water-soluble protein structures in the protein databank. This is especially the case because membrane proteins represent more than 30% of proteins encoded in the human
genome yet contribute to less than 10% of currently known structures (Torres et al. in Trends Biol Sci 28:137–144, 2003).
Obtaining high-resolution structures of membrane proteins by traditional methods such as NMR and x-ray crystallography
is challenging, because membrane proteins are difﬁcult to solubilise, purify and crystallize. Consequently, development of
methods to examine protein structure in situ is highly desirable. Fluorescence is highly sensitive to protein structure and
dynamics (Lakowicz in Principles of ﬂuorescence spectroscopy, Springer, New York, 2007). This is mainly because of the
time a ﬂuorescence probe molecule spends in the excited state. Judicious choice and placement of ﬂuorescent
molecule(s) within a protein(s) enables the experimentalist to obtain information at a speciﬁc site(s) in the protein (complex)
of interest. Moreover, the inherent multi-dimensional nature of ﬂuorescence signals across wavelength, orientation, space
and time enables the design of experiments that give direct information on protein structure and dynamics in a biological
setting. The purpose of this review is to introduce the reader to approaches to determine oligomeric state or quaternary
structure at the cell membrane surface with the ultimate goal of linking the oligomeric state to the biological function. In the
ﬁrst section, we present a brief overview of available methods for determining oligomeric state and compare their
advantages and disadvantages. In the second section, we highlight some of the methods developed in our laboratory to
address contemporary questions in membrane protein oligomerization. In the third section, we outline our approach to
determine the link between protein oligomerization and biological activity.
Keywords. Anisotropy; ﬂuorescence lifetime imaging microscopy; ﬂuorescence; image correlation spectroscopy;
membrane; receptor

1. How do we determine the oligomeric state
of membrane proteins using ﬂuorescence methods?
Fluorescence is the radiative emission resulting from the
transition of an initially excited single state to the ground
state. As recognized by Birks, the excited state has chemical
and physical characteristics distinct from the ground state.
Coupled with the long duration a molecule spends in the
excited state, ﬂuorescence is highly sensitive to environment. As a result, experiments can be designed using ﬂuorescence as a probe of structure and dynamics.
Due to the complexity of the biological membranes,
determining the oligomeric state of the membrane protein in
a cellular environment is challenging.
For the sake of simplicity, we classify ﬂuorescence
approaches to determine oligomeric states of membrane
http://www.ias.ac.in/jbiosci

proteins into those that infer oligomeric state from dynamics,
those that infer oligomeric state from distances and those
that infer oligomeric state from brightness.

1.1

Dynamics (self-diffusion)

Probably the two most common dynamics parameters are the
translational diffusion coefﬁcient and the rotational diffusion
coefﬁcient (Lakowicz 2007).
The translational diffusion coefﬁcient measures how fast a
molecule diffuses from its initial position. Traditional
methods of translational diffusion include ﬂuorescence
recovery after photobleaching (FRAP) (Axelrod et al. 1976),
ﬂuorescence correlation spectroscopy (FCS) (Elson and
Magde 1974; Magde et al. 1974) and single particle tracking
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(SPT) (Kusumi et al. 1993). In FRAP, a small region on a
membrane is photobleached with an intense laser pulse, and
the recovery of unbleached molecules into the pre-bleached
region is monitored with a second lower-intensity laser
beam. The rate of recovery of the ﬂuorescence is related to
the diffusion coefﬁcient and the size of the laser spot. In
FCS, spontaneous ﬂuctuations from a small excitation volume are recorded and analysed by a process called autocorrelation. The amplitude and shape of the autocorrelation
function delivers information about protein concentration
and diffusion. In SPT, a single membrane protein is labelled
with a ﬂuorescent or gold particle and movements are
tracked in time. A plot of the mean-squared displacement
from the average position as a function of time delivers the
type of diffusion process (random, constrained or active) and
the magnitude of the diffusion coefﬁcient. The slow movement of membrane proteins has garnered the development of
the ICS or image correlation spectroscopy (ICS) suite of
methods (Peterson et al. 1993; Petersen et al. 1998). The
ICS methods are a boon for the biological community
because the instrumentation (confocal or wide-ﬁeld microscope) is already available in many universities, institutes
and hospitals. In temporal ICS (TICS) (Srivastava and
Petersen 1996) or space-time ICS (STICS) (Hebert et al.
2005), images collected using laser scanning confocal
microscopy of labelled membrane proteins on live cells are
analysed using correlation methods. Cross-correlation of
images collected at different times (TICS) is analogous to
FCS and yields information on translational dynamics. In
STICS (Hebert et al. 2005), the correlation analysis utilizes
information from space and time delivering directional and
diffusive motion information.
The theoretical work of Saffman and Delbrück (1975)
indicated that the translational diffusion coefﬁcient for
membrane proteins is not very sensitive to the size of the
diffusing protein having a weak logarithmic dependence of
lateral diffusion as a function of membrane protein radius.
However, recent work suggested the opposite conclusion
(Naji et al. 2007) with diffusion scaling with the inverse of
the particle radius. In one interesting application, some
authors have utilised diffusion measurements to measure
monomer–dimer equilibria of the unliganded epidermal
growth factor receptor on cell surfaces (Chung et al. 2010).
Nevertheless, the lateral diffusion of membrane proteins can
also depend on obstacles in the cell membrane, such as
cytoskeletal elements, which provide points of attachment
(and ensuing membrane protein immobilization), or ‘‘picket
fences’’ that act as corals restricting lateral motions (Kusumi
et al. 1993).
Rotational diffusion (Lakowicz 2007) measures the rate at
which an initially photoselected distribution of excited states
reorients to a new orientational distribution. Rotational diffusion for most membrane proteins occurs on the
microsecond to millisecond time scales. Therefore,

time-resolved polarized ﬂuorescence depletion or polarized
ﬂuorescence recovery after photobleaching are used to
measure the clustering or organization of membrane proteins
(Rahman et al. 1992; Yuan and Axelrod 1995) Several
proteins have been measured using this method, including
Fc receptors and acetylcholine receptors (Rahman et al.
1992; Yuan and Axelrod 1995).
According to Saffman and Delbrück (1975), the rotational
diffusion coefﬁcient depends on the inverse square of the
radius of the membrane protein and is therefore more sensitive to size than the translational diffusion coefﬁcient. It is
important to note that inference of membrane protein size,
and therefore oligomeric state from dynamics measurements,
requires several assumptions such as the (1) theoretical
model linking size to dynamics, (2) assumption that the
labelled protein is the only protein contributing to the
dynamics and (3) assumption that the probe dynamics
reﬂects the protein dynamics.

1.2

Dynamics (Co-diffusion)

A very powerful method to detect oligomerization is by
measuring the co-diffusion of two proteins, one labelled with
a green dye and the other with a red dye. Using cross-correlation ﬂuorescence correlation spectroscopy it is possible
to determine the fraction of monomeric-free diffusing complexes and fraction dimerized complexes (Bacia et al. 2006).
Wohland’s laboratory has utilised this approach to measure
the fraction of epidermal growth factor receptors in the
dimerized state on living cells (Liu et al. 2007). The
advantage of using co-diffusion is that if two proteins are
moving together as a complex then it is likely they are
interacting. In contrast, co-localization as deﬁned by greenand red-labelled proteins together in a pixel (or voxel) is of
low resolution (ca 250 nm) and cannot distinguish between
two proteins in the same region by chance and two proteins
that are close together in a complex (ﬁgure 1).

1.3

Distances

A protein dimer can be deﬁned as two monomers being
closely packed together to form a dimeric complex. In this
deﬁnition, proof of close approach between two or more
monomers is evidence for an oligomeric protein. Because an
average protein size is around 10 nm in diameter, methods to
measure distances on the 1–10 nm scale are required. Fortunately, methods to measure distances in this range are
available. Forster resonance energy transfer (or ﬂuorescence
resonance energy transfer; FRET) and homo-FRET are two
methods to measure separations on the 1–10 nm scale
(Lakowicz 2007). In conventional FRET, two probes are
used: a donor probe and an acceptor probe. When the donor
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Figure 1. Image correlation spectroscopy and membrane protein
oligomerization. (A) A conventional microscope blurs the object
of a protein oligomer creating an image that appears as a single
cluster. By measuring the number or density of clusters and
comparing this to the number of proteins (by binding studies or
calibrated ﬂuorescence), an average oligomeric state can be
determined. (B) Photobleaching and oligomeric state. By measuring the relative decrease in number of clusters after bleaching, the
oligomeric state of the protein can be determined. Upper example
is monomers. In this case, bleaching half the molecules destroys
half the clusters. In the lower panel for oligomers, bleaching half
the labels does not photodestroy half the clusters.

is excited it can transfer its energy non-radiatively to the
acceptor probe. However, this only occurs if the distance
between the donor and the acceptor are in the range 1–10 nm
and the orientation of the transition moments on the two
probes is not orthogonal. The transfer of energy can be
detected by several means: (1) reduction of donor ﬂuorescence intensity or lifetime, and (2) increase in sensitized
acceptor ﬂuorescence and grow-in of acceptor ﬂuorescence
over time (Lakowicz 2007). Evidence of FRET can indicate
some form of protein oligomerization on the cell surface;
however, the size of the oligomers and the extent of
oligomerization are also desirable parameters. To determine
oligomeric state, Veatch and Stryer (1977) developed a
theoretical formalism relating the size of the protein complex
to FRET as a function of labelling ratio. This theory applies
to small oligomeric proteins and in the limit where there is
no FRET between oligomers. Raicu and Singh (2013)
developed an interesting approach using spectral imaging
called FRET spectroscopy. In this innovative method, a
pixel-by-pixel FRET efﬁciency is built up and displayed as a
histogram. This histogram can then be related to the statistical distribution of distances between labels in an oligomeric membrane protein yielding both distance information
and quarternary state information. This approach was
applied to a range of membrane proteins, including ABC
transporter, VEGF receptor, sigma-1 receptor and the muscarinic M3 acetylcholine receptor (Raicu and Singh 2013;
Singh et al. 2013; Patowary et al. 2013; Mishra et al. 2015).
In the homo-FRET approach, a ﬂuorescent probe with a
small Stokes shift is used. A probe with a small Stokes shift
has sufﬁcient overlap between absorption and emission to
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act as both an energy transfer donor and an energy transfer
acceptor (Lakowicz 2007). Therefore, homo-FRET is more
sensitive than conventional FRET. However, unlike conventional FRET, homo-FRET does not change the intensity
or the excited-state lifetime of the probe. Homo-FRET
results in the reduction of the emission polarization anisotropy of the probe (Lakowicz 2007). The emission polarization (or anisotropy) is a measure of how the orientational
distribution of the emitting states changes after initial photoselection (Lakowicz 2007). An important caveat is that
emission polarization can be inﬂuenced by protein motions
as well as homo-FRET. Therefore, the best way to detect
homo-FRET between two or more proteins is by varying the
extent of probe labelling. This can be done by mixing
labelled and unlabelled proteins in solution or alternatively
by photobleaching. Major’s laboratory was the ﬁrst to utilize
homo-FRET with photobleaching and they used it to determine the clustering GPI-linked proteins into rafts (Varma
and Mayor 1998). We, as well as other researchers, have
developed a theoretical formalism to determine the oligomeric state of a membrane protein and the presence of
higher-order oligomers (Yeow and Clayton 2007). With this
approach, we determined that the unliganded epidermal
growth factor receptor is in 90% dimers and 10% monomers
on BaF/3 cells, and a truncated form of the epidermal growth
factor receptor (found in brain cancer) is in oligomers on
BaF/3 cells (Kozer et al. 2011). When applied to the serotonin receptor, evidence for higher-order oligomers was
found, which was dependent on membrane environment
(Ganguly et al. 2011).
While hetero- and homo-FRET measurements are an
appealing way to determine oligomer states and sizes, there
are some crucial assumptions and caveats surrounding these
methods. First, the high density of expression of some
membrane proteins can lead to high levels of membrane
protein at the cell membrane. Under these circumstances, the
average distance between monomeric proteins can approach
the Forster distance for energy transfer and give rise to bystander FRET effects. In other words, FRET when there is no
oligomerization-only crowding. Kenworthy and Edidin
(1998) provided a framework for detecting by-stander FRET
in the past. More recently, Hristova’s laboratory demonstrated, both theoretically and experimentally, how protein
expression level inﬂuences FRET between oligomers (King
et al. 2014). The ‘take-home message’ from these studies is
that FRET studies should be performed when cell expression
levels of the membrane protein of interest are 50,000 or less
proteins per cell. At this lower level, random by-stander
effects can be considered negligible. If protein expression is
higher, then corrections should be made (King et al. 2014;
King et al. 2016). Moreover, if probes are located more than
twice the Forster radius apart, then FRET will be too small to
be detected and information about the separation (and possibly the oligomeric state) is lost. Here, super-resolution
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methods can potentially help but the scope of this method is
beyond this review article. The reader is referred to the
excellent work of Martin-Fernandez and colleagues, who are
pushing the limits of super-resolution to within the FRET
range (for further information see Needham et al. 2016 and
references therein).

1.4

Brightness

If we consider a ﬂuorescent probe to have certain brightness,
analogous to a small light bulb, then two probes will be twice
as bright, three probes thrice as bright and so on. Brightness of
labelled membrane proteins can be inferred by several methods.
Photon counting histogram method (Chen et al. 1999) utilizes
the photon stream from single complexes as they move into a
focused region. Statistical analysis of the photon counts yields a
photon count histogram, which is related to the average
brightness of the moving complexes. Number and brightness
(Digman et al. 2008) is another method that uses images from a
confocal microscope to determine concentration and brightness
of diffusing molecules. An important caveat in this method is
that any immobilised molecule has a brightness of 1. Fluorescence intensity distribution analysis (Godin et al. 2011) is
yet another method for determining brightness. This method
can be applied to ﬁxed or live cells. It has evolved to determine
oligomeric states of membrane proteins in different organelles
of the cell, i.e. at sub-cellular distribution, and complex models
of oligomerization, i.e. involving more than one type of oligomeric state. A caveat from these approaches is that brightness is referenced to a monomeric ﬂuorophore, which may or
may not have the same properties (photophysics or labelling) as
observed inside living cells. This can render absolute quantiﬁcation of oligomeric state and oligomeric state distribution
problematic.
Single molecule methods count the number of bleaching
steps to complete photodestruction. The number of steps
indicates the number of ﬂuorophores per imaged complex
and therefore the oligomeric state (Ulbrich and Isacoff
2007). Isacoff and colleagues adopted this method in several
membrane proteins expressed on the surface of oocytes
(Ulbrich and Isacoff 2007). The large area of the membrane
on these cells and controllable expression protocols enables
the examination of membrane protein complexes at very low
surface densities. Importantly, since the single molecule
photobleaching approach relies only on a number of
bleaching steps, it does not require a brightness standard.
Earlier research has employed several methods to delineate the dynamics and oligomerization of a membrane protein (Crosby et al. 2013). Gadella’s group exploited a range
of dynamic approaches including FRET, FRAP, FCS and
photon-counting histogram for in-depth understanding of
membrane protein dynamics and interactions on a range of
length and time scales (Crosby et al. 2013).

2. Image correlation methods for determining
the oligomeric state of membrane proteins developed
in our laboratory
2.1

Concept

To examine the membrane protein of interest, we must ﬁrst
label it with a ﬂuorophore (typically either GFP-type or
ﬂuorophore-ligand or ﬂuorophore-antibody conjugate) and
check whether the protein is functional. Suppose we label
each monomer of a membrane protein oligomer with a ﬂuorophore. The simplest method to determine the quaternary
state of a membrane protein would be to just image it at the
membrane with a ﬂuorescence microscope and visually
count the number of sub-units (monomers). However,
because of the diffraction of light, the density of membrane
proteins and low signal to noise, this is not possible. With
standard confocal ﬂuorescence microscopy, a single oligomer will appear as one spot in ﬂuorescence, if visible at all
above the noise. For example, a tetramer will appear as a
single blob or cluster of ﬂuorescence and not as four
resolved single spots. However, we can overcome these
problems in several ways.
(1) Image correlation spectroscopy and cluster density: we
can count the number of clusters instead of the number of
ﬂuorophores per cluster. Initially this appears to be wrong,
but let us explore how this works.
(a) If the total number of clusters per cell and the number
of membrane proteins per cell (from binding studies or
average ﬂuorescence signal, for example) are known, we can
determine the average number of membrane proteins per
cluster. The oligomer size, J, is given by
J = number of molecules per cell/number of clusters per
cell
Determining the number of clusters from an image of a
cell surface is with an image analysis technique called image
correlation spectroscopy. This method recognizes an image
of ﬂuorescence as a record of ﬂuctuations in space. The
image correlation approach generates a spatial autocorrelation function image, which ultimately extracts the cluster
density (number of clusters per area). The image of ﬂuorescence can be obtained using relatively simple instrumentation—either confocal microscope or wide-ﬁeld
microscope—and with standard labels such as GFP or ﬂuorophore-conjugated antibodies.
Nils Petersen and Paul Wiseman were the ﬁrst to develop
this method and utilize it to determine oligomeric sizes of a
number of cell surface receptors (Peterson et al. 1993).
Platelet-derived growth factor receptors clustered as tetramers on cells, while epidermal growth factor receptor was
highly clustered in groups of 10–30 receptors per cluster on
cancer cells (Petersen et al. 1998). We utilized this method to
determine a ligand-induced dimer to tetramer transition of
epidermal growth factor receptor in normal cells (Clayton
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et al. 2005; Kozer et al. 2013) and to determine the inﬂuence
of therapeutic antibodies on clustering of cell surface
receptors (Kozer et al. 2011).
(b) If we do not know the number of membrane proteins
per cell, we can use photobleaching to destroy half the ﬂuorescent labels. By comparing the number of clusters per cell
before bleaching and those after photobleaching, we can
infer the oligomeric state.
Suppose we have a monomeric protein on the cell surface
and the number of clusters is B per cell. Then we bleach half
the number of ﬂuorophores. Because there is one ﬂuorophore per clusters, we will have B/2 clusters per cell.
Now suppose the oligomeric state is a dimer and we have B
clusters per cell, each containing two labels. If we bleach half
the labels, we now have B/4 dimers with two ﬂuorophores, B/2
dimers with one ﬂuorophore and B/4 dimers with no labels.
That is to say, there are now more than half of labelled clusters
remaining even though half the labels are bleached.
When we use image correlation with photobleaching we
refer to this technique as photobleaching image correlation
spectroscopy (Ciccotosto et al. 2013).
In general, if the number of labelled clusters per cell
before bleaching is B, then the number of labelled clusters
after bleaching half the ﬂuorophores is B(J/(J ? 1), where J
is the oligomeric state.
With photobleaching image correlation, one can also determine the oligomer size distribution (Lajevardipour et al. 2015).
In this case, one needs to determine the cluster density as a
function of photobleaching for a series of different photobleaching extents. In our ﬁrst implementation of this method
(Ciccotosto et al. 2013), we revealed time-dependent increases
in A peptide oligomerization on neuronal cell cultures.
Although no deﬁnitive model could be extracted from the data,
we showed that the oligomerization extended from monomers,
dimers, and so on, to pentamers or hexamers over time. We
have also utilized this approach to show clustering of epidermal
growth factor over a range of oligomeric sizes on CHO cells.
This work complements the use of super-resolution techniques
that reveal distances between labelled ligands consistent with
the presence of extended linear oligomers on Chinese Hampster Ovary (CHO) cells (Needham et al. 2016). More recently,
in collaboration with Prof Chattopadhyay, we have determined
the monomer–dimer–trimer distribution of serotonin receptor
on clustered cells and the inﬂuence of membrane cholesterol on
this distribution (Chakraborty et al. 2018). This work is in
progress.

3. How do we determine the link between oligomeric
state of a membrane protein and biological activity?
The ﬂuorescence lifetime is sensitive to environment
(Berezin and Achilefu 2011) and when combined with
Forster resonance energy transfer (FRET) (Martin-Fernandez
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et al. 2000), it is a useful probe of membrane protein
activation. For many systems protein, activation results in
either phosphorylation or recruitment of speciﬁc proteins to
the protein of interest. By tagging an anti-phosphotyrosine
antibody or the protein interaction partner with a suitable energy transfer acceptor, one can detect membrane
protein activation through a change in the ﬂuorescence
lifetime of a donor-labelled membrane protein. Because
FRET is sensitive to the inverse sixth power of separation
and operative over the 2–10 nm scale, intimate interactions
are detected alone. Fluorescence lifetime imaging is not as
common as ﬂuorescence imaging but increasingly made
available due to commercial production. In our laboratory,
we do ﬂuorescence lifetime imaging in the frequency
domain, which means we detect a phase delay of ﬂuorescence relative to a sinusoidally modulated excitation. We
made use of an already-developed FLIM-FRET assay for
measuring epidermal growth factor receptor phosphorylation
(activation) and combined this assay with ICS (i.e. FLIMICS) to determine the cluster densities and relative sizes of
phosphorylated and unphosphorylated epidermal growth
factor receptor (Clayton et al. 2008). From FLIM images
containing a GFP-tagged epidermal growth factor receptor
and an anti-phosphotyrosine conjugated to AlexaFluor555,
we were able deconvolute the ﬂuorescence of the activated
epidermal growth factor receptor from the inactive epidermal
growth factor receptor. This is because the lifetimes of the
GFP tag are different in the two states and the frequency
responses are different. From the optically separated images
of the active and inactive epidermal growth factor receptor,
we were able to determine the fraction of phosphorylated
epidermal growth factor receptors, fraction of unphosphorylated epidermal growth factor receptors, the cluster density
of phosphorylated epidermal growth factor receptors, the
cluster density of unphosphorylated epidermal growth factor
receptors and, importantly, the relative brightness (or cluster
size) of the activated epidermal growth factor receptor relative to the unactivated epidermal growth factor receptor.
These quantitative parameters were compared to different
models for the epidermal growth factor receptor activation
process. For a monomer to a dimer transition model, the
relative brightness of activated epidermal growth factor
receptor to unactivated epidermal growth factor receptor has
a maximum value of two. For a dimer conformational
change model, the relative brightness of activated to unactivated epidermal growth factor receptor is 1. Our measurements revealed that the relative brightness was 4. This
result was more consistent with a monomer–dimer–tetramer
model, i.e. involving a pre-equilibrium between monomer–
dimer states in the absence of ligand and a ligand-induced
dimer to tetramer transition. An alternative model involving
dimer–dimer polymerization reaction was also considered
and compatible with the available data. These results showed
that active dimers were not the only active epidermal growth
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factor receptor species and that epidermal growth factor
receptor tetramers and higher-order oligomers were also
phosphorylated as a major species (Clayton et al. 2008). We
later extended this work to examine adaptor recruitment to
the epidermal growth factor receptor and revealed very
similar results (Kozer et al. 2014). In other words, tetramers
and higher-order oligomers appear to be associated with full
adaptor recruitment to the receptor (Kozer et al. 2014).
Biophysical studies emphasized the importance of linking
measurements with models. Collaborating with experts in
rule-based modelling (Richard Posner (Clayton et al. 2008)
and Bill Hlavacek (Kozer et al. 2013; Kozer et al. 2014)
enabled us to go beyond observations of average oligomeric
state and build actual predictive models of the oligomerization processes. In this respect, developments in theory and
experiment should go hand in hand to produce a more
comprehensive understanding of oligomerization phenomena in situ.

4. Concluding remarks
We have attempted to provide a select overview of ﬂuorescence approaches to determine oligomeric states of membrane proteins. We have discussed the advantages and
disadvantages of the techniques in relation to whether the
technique derives dynamics, proximity or brightness
information.
Particularly for the biology community, we espouse the
beneﬁts of analysing ﬂuorescence images by correlation
obtained with standard confocal microscopy to determine
cluster densities and cluster sizes of ﬂuorescently tagged
membrane proteins. We believe these methods are the most
accessible to the biology community. By making use of the
natural photobleaching that occurs with replicate image
acquisition, one can even determine the aggregation distributions of membrane proteins. Applying similar analyses to
ﬂuorescence lifetime images extends the image correlation
approach to biological function, providing the possibility to
directly link membrane protein quaternary state to membrane protein function.
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