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Abstract 

Background: The growing evidence that G protein-coupled receptors (GPCRs) not only form oligomers, but that the 

oligomers also may modulate the receptor function provides a promising avenue in the area of drug design. Highly 

selective drugs targeting distinct oligomeric sub-states offer the potential to increase efficacy while reducing side 

effects. In this regard, determining the various oligomeric configurations and geometric sub-states of a membrane 

receptor is of utmost importance. Methods: In this report, we review two techniques which have proven to be valuable 

in monitoring the quaternary structure of proteins in vivo: Fӧrster resonance energy transfer (FRET) spectrometry and 

fluorescence intensity fluctuation (FIF) spectrometry. In FRET spectrometry, distributions of pixel-level FRET 

efficiency are analyzed using theoretical models of various quaternary structures to determine the geometry and 

stoichiometry of protein oligomers. In FIF spectrometry, spatial fluctuations of fluorescent molecule intensities are 

analyzed to reveal quantitative information on the size and stability of protein oligomers. Results: We demonstrate 

application of these techniques to a number of different fluorescence-based studies of cells expressing fluorescently 

labeled membrane receptors, both in the presence and absence of various ligands. The results show the effectiveness 

of using FRET spectrometry to determine detailed information regarding the quaternary structure a receptor forms, as 

well as FIF and FRET for determining the relative abundance of different-sized oligomers when an equilibrium forms 

between such structures. Conclusion: FRET and FIF spectrometry are valuable techniques for characterizing 

membrane receptor oligomers which is of great benefit to structure‐based drug design.  
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1. INTRODUCTION 

Intrinsic membrane proteins recognize and respond to a remarkable variety of stimuli that range from light to 

molecular ligands such as odorants, hormones, and neurotransmitters. The largest family of such proteins comprises 

the G protein-coupled receptors (GPCRs), which reside in the membranes of eukaryotic cells and initiate signal 

transduction processes by binding and activating a corresponding G protein residing within the cell [1-3]. GPCRs are 

of crucial physiological importance because of the wide range of functions they are involved in. They are also a 

prevalent target for the development of drugs due to the pivotal role they play in many diseases [4].  

Interactions between GPCRs are known to play a vital role in a large number of biological processes [5, 6]. 

The growing realization that GPCRs may exist and function as oligomers [7-11] has profound implications for our 

understanding of GPCR-mediated signaling, and it raises many questions related to the oligomeric size, distribution 

within the cell, and functional role, as well as the effect of ligand-binding on oligomeric size and conformation [12, 

13].   

Quantification of the various oligomer configurations of a membrane receptor provides a promising avenue 

in the area of drug design. Designing a potential drug, most often a small ligand, involves modifying the molecule 

shape and charge to bind to the respective target and effectively activate or block its function [14, 15]. To this end, 

structural information regarding the biological target can greatly aid in the process of building potential ligands to 

most effectively bind and cause the highest amount of therapeutic response. However, when structural similarities 

exist across different receptors, difficulties arise as to the design of ligands which bind to a specific type of receptor 

but not to those with structural similarities. In this regard, quantification of the oligomerization of membrane receptors 

could provide a significant piece of information which could help elucidate a more pointed drug design strategy for a 

given receptor. It has been shown that some dimers exhibit different pharmacological responses than seen with their 

constituent monomers [16, 17], and compounds can be designed which specifically target a GPCR oligomer vs. the 

monomer alone [18, 19]. Consequently, drug discovery efforts which target oligomerized GPCRs, in contrast to 

ligands which aim to bind to receptors in the monomeric form, may help in identifying unique, and potentially 

desirable, pharmacological responses. It is also possible that receptors form higher order oligomeric states, and that 

the equilibrium between the different states is modulated by ligand binding [20].   

Characterizing the quaternary structure of proteins in their native environment [21] is challenging, since 

many protein assemblies engage in dynamic association/disassociation equilibria, and thus they form a concentration-

dependent mixture of different-sized oligomers, which complicates the determination of the quaternary structure. 

Therefore, methods are needed which permit determination of the local concentrations and spatial distributions of the 

differing possible types of oligomeric species (e.g., monomers, dimers, tetramers, etc.). Such techniques should allow 

the assessment of whether certain ligands may modulate the oligomeric size of the receptor or, conversely, whether 

the oligomeric size affects the binding efficiency of the ligand and thereby its potential efficacy as a drug. This would 

open up a new avenue of research in the area of cell signaling and would provide an untapped source of 

pharmacological targets. 

In this report, we review two recently developed techniques which have proven to be valuable in quantifying 

protein interactions in vivo: Fӧrster resonance energy transfer (FRET) spectrometry [22] and fluorescence intensity 

fluctuation (FIF) spectrometry [20]. In FRET spectrometry, pixel level distributions of FRET efficiency are analyzed 

using oligomeric models of various quaternary structures to determine the geometry and stoichiometry of protein 

oligomers. In FIF spectrometry, spatial fluctuations of protein molecules are analyzed with statistical methods to reveal 

quantitative information on the abundance of different-sized protein oligomers. The two techniques discussed in this 

review will potentially aid in drug research by elucidating the quaternary structure information of a biological target 

protein, allowing design of a drug that most effectively binds to that target and cause the desired therapeutic response. 

2. FRET SPECTROMETRY 

2.1. Overview of FRET  

The mechanism of FRET occurs between two molecules which are separated by a short distance [23-25], at least one 

of which is fluorescent. One of the molecules (traditionally referred to as the donor molecule, D), brought into an 
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excited state by a light source, can transfer energy to a nearby molecule in the ground state (known as the acceptor 

molecule, A). The transfer of energy occurs non-radiatively, i.e., the donor does not emit a photon before returning to 

its ground state. The usefulness of FRET lies in the fact that this radiationless transfer of energy is highly distance-

dependent and occurs when the two molecules are <10 nm from one another, which is conveniently on the same length 

scale as typical distances between individual protomers in protein complexes. By measuring and analyzing the 

efficiency with which this radiationless energy transfer occurs between proteins which are individually tagged with 

either a donor or acceptor molecule, information regarding the relative distance and orientation of the proteins with 

respect to one another can be extracted.  The combination of FRET and fluorescence imaging has proved vital to the 

obtainment of quantitative information on protein-protein interactions [26-31], including size and structure of 

membrane receptor complexes [9, 10, 22, 32, 33], the spatial distribution of such complexes in living cells [34, 35], 

and the interaction energetics [27, 31, 36].   

Standard FRET-based approaches for extracting detailed information about the interaction properties of a 

given protein typically rely on measuring the average FRET efficiency, 𝐸𝑎𝑣𝑒 , computed over large regions within a 

cell or multiple cells, as a function of the D and/or A relative abundances within those regions. We refer to this dataset 

as an abundance spectrum of 𝐸𝑎𝑣𝑒 . The independent variable in an abundance spectrum of 𝐸𝑎𝑣𝑒  may be either the ratio 

of the donor to acceptor concentrations in the sample [37] (or, equivalently, the mole fraction of donors or 

acceptors [38-40]), or the total concentration of donors plus acceptors [30, 41, 42]. Regardless of its specific form, the 

value of the abundance spectrum is that the concentration of oligomers can be determined by fitting to it a model that 

is derived from the kinetic theory of FRET [43] and that uses the concentration of oligomers as a fitting parameter. 

The process of extracting the concentration of oligomers from an abundance spectrum can then be repeated for a range 

of different receptor concentrations in order to determine the association/dissociation constant describing the strength 

of interactions between proteins in the oligomer. Unfortunately, these methods only work well if you know either the 

composition of the sample with respect to the different-sized oligomer species (i.e., number of monomers, dimers, 

higher order oligomers) or the FRET efficiency occurring between one of the donor/acceptor pairs in the protein 

complex (i.e., the pairwise FRET efficiency, 𝐸𝑝 [43]), since a vast number of combinations between sample 

composition and 𝐸𝑝 values fit the data equally well.  

 The recently developed method of FRET spectrometry has been designed specifically to determine the 

quaternary structure of a protein complex and thereby reveal detailed information about the structure, such as the value 

of 𝐸𝑝 [9, 22, 32, 44]. In FRET spectrometry, a value of FRET efficiency is calculated for every pixel in a fluorescence 

image. Because the molecular complexes within a given pixel may consist of a mixture of several different 

combinations of donors and acceptors, we refer to this pixel-level value of FRET efficiency as the apparent FRET 

efficiency, 𝐸𝑎𝑝𝑝, because it is the average FRET efficiency per donor molecule residing within a given pixel.  

Distributions of 𝐸𝑎𝑝𝑝 values, as opposed to averages over large regions, are modeled using theoretically predicted 

values of FRET occurring in protein complexes [43] which possess a particular size and geometry. The model that 

produces the best agreement with the experimentally measured 𝐸𝑎𝑝𝑝 distributions is taken as the quaternary structure 

of the protein. The detailed geometrical parameters associated with the determined quaternary structure model can 

then be combined with an abundance spectrum of 𝐸𝑎𝑣𝑒  to obtain the relative proportions of various oligomer species 

comprising the sample [38]. The combination of these two FRET approaches is vital, e.g., when ligand binding to a 

receptor leads to changes in both the oligomer conformation and the proportion of different oligomeric sizes (e.g., 

dimers and tetramers), which is often the case with biologically-relevant oligomers [45-47].   

2.2. FRET efficiency in multimeric complexes 

In FRET spectrometry, 𝐸𝑎𝑝𝑝 distributions are simulated using theoretical models of the FRET occurring in oligomer 

complexes in order to determine the quaternary structure of the protein. The measured distributions of FRET 

efficiency, also referred to as FRET spectra or spectrograms, provide a unique “fingerprint” corresponding to a 

particular quaternary structure of a protein complex. This feature stems from the fact that there exist a number of 

different ways in which donors and acceptors may be placed at the various protomer locations within the oligomer. 

Each of these different ways, or “configurations”, can exhibit a different FRET efficiency value, depending on both 

the number and placement of the donors and acceptors in the particular configuration. The collection of different 

FRET efficiency values exhibited by different oligomer configurations show up as peaks in the measured 𝐸𝑎𝑝𝑝 
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distributions. The number of peaks and spacing between them uniquely corresponds to a particular oligomer size and 

geometry. The measured FRET spectrogram can be fitted with theoretically predicted FRET efficiencies, which are 

generated using the kinetic theory of FRET in multimeric complexes of donors and acceptors [43], to find the oligomer 

size and geometry which best simulate the measured FRET efficiency distribution. The theoretical treatment of FRET 

in multimeric complexes is briefly outlined below; for more extensive reviews of this theory, please see references [22, 

48].  

Each donor molecule in an oligomeric complex which contains a total of k donors and n-k acceptors may lose 

excitation energy through a number of different pathways. One de-excitation pathway results in radiative emission of 

a photon, one corresponds to a non-radiative de-excitation of the donor via interactions with the environment, and n-

k pathways result in a transfer of excitation energy via FRET to one of the n-k nearby acceptors.  The probability of 

energy transfer to one of the nearby n-k acceptors depends on the acceptor distance and orientation relative to the 

donor. The total efficiency of energy transfer occurring for a single donor, i, in a complex of size n, number of donors 

k, and configuration q, is given as follows [32, 43, 48]: 

 𝐸𝑖,𝑘,𝑞 =
𝐸𝑝 ∑ (

𝑟1
𝑟𝑖𝑗

)

6

𝑗

1−𝐸𝑝+𝐸𝑝[∑ (
𝑟1
𝑟𝑖𝑗

)

6

𝑗 ]

.. (1) 

where, 𝑟𝑖,𝑗 represents the distance between the ith donor and jth acceptor. The sum over j in eq. (1) represents all 

acceptors in close proximity to the donor, i.e., the sum is over all n-k acceptors within the same complex. Implicit in 

eq. (1) is the assumption that only one donor in a complex is brought into an excited state at a time. This is achieved 

by keeping the excitation light power low enough so that the donor excitation rate is much lower than the radiative 

decay rate. The pairwise FRET efficiency, 𝐸𝑝, represents the FRET efficiency occurring between a single donor and 

acceptor separated by a distance corresponding to one of the side lengths, 𝑟1, in the oligomer complex (see Fig. 1A), 

and is given as follows:  

 𝐸𝑝 =
(

𝑅0
𝑟1

)
6

1+(
𝑅0
𝑟1

)
6. (2) 

where 𝑅0 is the Förster radius [25], which equals the distance at which the efficiency of energy transfer between the 

two fluorophores is 50%. Since all donors in a complex of configuration q emit signal from the same sample voxel 

(or image pixel), pixel-level measurements do not discriminate between signals from individual donors, and they 

therefore provide an average efficiency per donor: 

 𝐸𝑘,𝑞 =
1

𝑘
∑ 𝐸𝑖,𝑘,𝑞

𝑘
𝑖=1 . (3) 

Eqs. (1) and (3) provide a means to compute expressions for the FRET efficiencies of various configurations of donors 

and acceptors within an oligomeric complex of a certain size and geometry. An example of the computed 𝐸𝑘,𝑞 values 

for each possible configuration of a particular tetramer oligomer shape are listed in Fig. 1B.  
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Fig (1). (A) Illustration showing a single configuration of a rhombus-shaped tetramer (n = 4) with k = 2 donors (green 

circles) and (n-k) = 2 acceptors (yellow circles). For the specific case of the rhombus, the various 𝑟𝑖𝑗  distances can all 

be computed from two parameters, 𝑟1 and 𝛼, which are highlighted in red. 𝑟1,1 = 𝑟1, 𝑟2,2 = 𝑟1, 𝑟1,2 = 2𝑟1 𝑐𝑜𝑠 (
𝛼

2
), and  

𝑟1,2 = 2𝑟1 𝑠𝑖𝑛 (
𝛼

2
) (B) Table listing each possible configuration and corresponding 𝐸𝑘,𝑞  value of a rhombus shaped 

tetramer. To calculate 𝐸𝑘,𝑞 , the acute angle of the rhombus was set to be equal to 60° and 𝐸𝑝 = 0.5; this particular 

value of 𝐸𝑝 occurs when the side length of the rhombus, 𝑟1, is equal to the Forster radius, 𝑅0, of the two fluorophores. 

The rows of the table are color coded to group together configurations with approximately equivalent 𝐸𝑘,𝑞 values; 

these values form the primary peaks in the meta-histogram. 

 

2.3.  Pixel-level calculation of FRET efficiency from intensity-based measurements 

While a number of fluorescence imaging methods can be used to measure the FRET efficiency occuring in a sample 

of interest, FRET spectrometry currently utilizes intensity-based sensitized emission. For intensity-based 

measurements, laser scanning microscopes which employ spectral resolution [49-54] are ideal, because they allow for 

the quantitation of both donor and acceptor fluorescence intensity, from which the FRET efficiency can be 

straightforwardly calculated. The acquisition of an entire fluorescence spectrum enables overlapping spectral profiles 

to be separated by capitalizing on the distinct shapes of the elementary spectra comprising the composite fluorescence 

spectrum using spectral unmixing [10, 37, 55-57]. By applying spectral unmixing to the measured composite 

fluorescence spectrum for each image pixel, 2D maps of donor intensity in the presence of the acceptor, 𝑘𝐷𝐴, and 

acceptor intensity in the presence of the donor, 𝑘𝐴𝐷, which represent the coefficients multiplying each elementary 

spectrum composing the theoretical curve fitting the measured composite spectrum, can be extracted. Multiplying the 

𝑘𝐷𝐴 and 𝑘𝐴𝐷 values with the area underneath their respective elementary spectrum gives the total fluorescence 

intensity of the donor, 𝐹𝐷𝑎 = 𝑘𝐷𝑎𝑤𝐷 , and acceptor, 𝐹𝐴𝑑 = 𝑘𝐴𝑑𝑤𝐴, detected for each individual pixel. The values of 

𝑤𝐷 and 𝑤𝐴 represent the areas under the donor and acceptor emission spectra, respectively. The apparent FRET 

efficiency, 𝐸𝑎𝑝𝑝, is calculated from the measured intensity values according to the following:  
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 𝐸𝑎𝑝𝑝 = 1 −
𝐹𝐷𝑎

𝐹𝐷  (4) 

Here, 𝐹𝐷 represents the fluorescence of the donor in the scenario where there is no acceptor present. Of course, a 

single fluorescence measurement which quantifies donor and acceptor fluorescence is not generally enough to 

determine the value of 𝐹𝐷. However, if an excitation wavelength is chosen such that there is no direct excitation of 

the acceptor, then eq. (4) can be simplified to give [10]: 

 𝐸𝑎𝑝𝑝 =
𝐹𝐴𝑑

𝑄𝐴
𝑄𝐷

∙𝐹𝐷𝑎+𝐹𝐴𝑑
 (5) 

Eq. (5) can be used to determine the FRET efficiency at each pixel in a spectrally resolved fluorescence microscope 

following a single scan of the sample at a single excitation wavelength, assuming minimal direct excitation of the 

acceptor occurred. However, if no assumption regarding the direct excitation of the acceptor can be made, a second 

scan of the sample at a second excitation wavelength can be executed to acquire two more measured quantities, i.e., 

the fluorescence of the donor and the fluorescence of the acceptor at the second excitation wavelength, 𝐹2
𝐷𝑎 and 𝐹2

𝐴𝑑, 

respectively. By incorporating the scan of the sample at the second excitation wavelength, the apparent FRET 

efficiency can now be written entirely as a function of measurable quantities [42]: 

 𝐸𝑎𝑝𝑝 = [1 +
𝐹1

𝐷𝑎(1−
𝜌𝑒𝑥,𝐴

𝜌𝑒𝑥,𝐷⁄ )

𝐹1
𝐴𝑑− 𝐹2

𝐴𝑑𝜌𝑒𝑥,𝐴

𝑄𝐴

𝑄𝐷]

−1

 (6) 

where the indices 1 and 2 denote measurements performed using the first and second excitation wavelength, 

respectively. Values for 𝜌𝑒𝑥,𝐷 =
𝐹1

𝐷

𝐹2
𝐷 and 𝜌𝑒𝑥,𝐴 =

𝐹1
𝐴

𝐹2
𝐴 can be found by measuring a sample expressing only the donor or 

only the acceptor, respectively, at the two excitation wavelengths. Using eq. (6), or eq. (5) if direct excitation of the 

acceptor is minimized, the apparent FRET efficiency can be calculated for each pixel in a spectrally resolved 

fluorescence image.  

2.4.  Extraction of quaternary structure from fitting of “meta-histogram” 

The quaternary structure of a protein of interest can be determined by modeling a collection of FRET spectrograms 

with the FRET efficiency values expected from an oligomeric structure with a particular size and shape, i.e., the 𝐸𝑘,𝑞 

values predicted by eq. (3) in section 2.2. As can be seen via the color coding of different rows in Fig. 1B, there are 

degenerate FRET efficiency levels, or, in other words, there are FRET values which correspond to more than one 

configuration of a particular oligomer model. The location and number of peaks visible in a FRET spectrum can be 

correlated to the value and number of degenerate FRET efficiency levels occurring for a given oligomer size and 

shape. The number of degenerates, and hence number of visible peaks, depends on the size and shape of the oligomer 

complex. For example, in the case of the rhombus-shaped tetramer of Fig. 1A, there are five unique FRET efficiency 

values. Successful correlation of the peaks of the FRET spectrum to a set of predicted FRET levels resolves the size 

and structure of the protein complex under study.  

However, if pixels within the measurement contain several different oligomer configurations with different 

𝐸𝑘,𝑞 values, and/or are mixed with monomers or other oligomeric species, the measured apparent FRET efficiency for 

the given pixel will reflect an average over the entire population of complexes within the pixel. These mixtures broaden 

the distribution of 𝐸𝑎𝑝𝑝 values such that it becomes difficult to identify the unique “fingerprint” of the underlying 

oligomer complex. Therefore, in order to accentuate the peaks occurring due to the degenerate 𝐸𝑘,𝑞 values, a large 

number of 𝐸𝑎𝑝𝑝values must be sampled and further distilled. The distilling of the apparent FRET efficiency values is 

accomplished by the generation of a “meta-histogram” [22, 32, 38, 44, 58], which is described in more detail in the 

following paragraphs. 

The process of generating a meta-histogram begins by demarcating small segments (~100 pixels2) on the 

fluorescence images which enclose pixels where the protein of interest is located. Typically, 2-6 segments are 

demarcated for each cell scanned, depending on the cell size. The FRET efficiency values from each of the pixels 

falling within a segment are then organized into a histogram plot, or FRET spectrogram, of bin width equal to 0.005. 
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Fluorescence images from a large number of cells need to be collected such that the total number of segments, and 

hence number of FRET spectrograms, is greater than 1000. To collectively analyze all of the information contained 

within the set of spectrograms, the positions of only the most prominent peaks in each individual histogram are 

recorded. The collected peak values are then used to generate a plot consisting of the number of peaks that fall in a 

certain interval of 𝐸𝑎𝑝𝑝 values against the center of the 𝐸𝑎𝑝𝑝 interval, a plot which has been termed a meta-histogram. 

In order to select the most prominent peak positions from individual FRET spectrograms, an automated algorithm is 

employed where only peaks with amplitudes which pass a particular selection criterion are chosen. This selection 

criterion ensures that peaks appearing simply due to random fluctuations are disregarded. Modeling the location of 

the peaks within the meta-histogram is the essence of the FRET spectrometry approach, and, therefore, the bin sizes 

used for generating the individual Eapp histograms (0.005) as well as the meta-histogram (0.02) have been specifically 

chosen such that closely spaced peaks are still distinguishable in the meta-histogram, while avoiding aliasing effects, 

which can generate “false peaks”.  

The generation of the meta-histogram, as opposed to simply summing up all the individual Eapp histograms, 

effectively filters out 𝐸𝑎𝑝𝑝 values that arise due to combinations of oligomers with different donor and acceptor 

configurations. An additional advantage of the meta-histogram is that receptor complexes associate and dissociate 

within a time shorter than the time needed to acquire an image of an entire cell, which leads to oligomers with similar 

size and proportion of D and A throughout the cell membrane. This effect generates single narrow peaks in the 

individual FRET spectrograms and does not illustrate the complete array of oligomer sizes and D-A combinations; 

the meta-histogram takes all such combinations into account.  

In order to find the oligomeric structure model which best fits the data, the meta-histogram is simulated with 

a theoretical fitting function consisting of a sum of Gaussian functions, with the mean of each Gaussian corresponding 

to the 𝐸𝑘,𝑞 values predicted for the various configurations of a particular oligomer model, and the total number of 

Gaussians corresponding to the number of unique 𝐸𝑘,𝑞  values predicted for the given model. The fitting function is 

given as follows:   

 𝑀𝑜𝑑𝑒𝑙𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛(𝐸𝑎𝑝𝑝) = ∑ 𝐴𝑙𝑒𝑥𝑝𝑙 [−
(𝐸𝑎𝑝𝑝−𝐸𝑙)

2

2𝜎𝑙
2 ] (7) 

where Al, 𝐸𝑙, and 𝜎𝑙 represent the amplitude, mean, and standard deviation of the lth Gaussian distribution. The meta-

histogram is fit with various oligomeric size and structure model functions, and the model attaining the best fit between 

the meta-histogram and the model function is chosen. The fitting of the theoretical models to the experimental data is 

achieved by a minimization of a reduced fitting residual: 

 𝑅𝑒𝑠 =  √∑[𝐷𝑎𝑡𝑎 −  𝑀𝑜𝑑𝑒𝑙𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛]2 𝑓⁄ , (8) 

where 𝑓 is the number of degrees of freedom, defined as the number of data points minus the total number of adjustable 

parameters minus 1. 

For each meta-histogram fitting, the amplitudes and standard deviations of each Gaussian in the model 

function are allowed to vary. The centers of each Gaussian, which correspond to the different degenerate FRET 

efficiency levels, are linked through the pairwise FRET efficiency, 𝐸𝑝, as well as other geometrical parameters specific 

to the particular oligomer model being tested. For example, for the case of the rhombus-shaped tetramer in Fig. 1A, 

the relationship between the various FRET values are all determined solely through 𝐸𝑝 and the angle between the 

sides of the rhombus, 𝛼. Therefore, the only fitting parameters allowed to vary regarding the means of the Gaussians 

would be 𝐸𝑝 and 𝛼. A total of five Gaussians would be needed to simulate the rhombus-shaped tetramer, as is 

illustrated with the color-coding of the unique values of 𝐸𝑘,𝑞  in Fig. 1B. For more complicated geometries, additional 

geometrical parameters, e.g., ratio between the lengths of the sides, also need to be included to completely determine 

the set of FRET efficiency values, and therefore are needed as adjustable parameters in the fitting process.  

2.5.  Computer program for meta-histogram analysis 

A user-friendly software package for simulating meta-histograms with a parallelogram shaped tetramer oligomer has 

been developed and can be downloaded from the following link (https://figshare.com/s/d56b6b8678e2f41db6d6). 

https://figshare.com/s/d56b6b8678e2f41db6d6
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Meta-histograms can be loaded into the program by formatting the data as a two column tab-delimited text file 

containing the 𝐸𝑎𝑝𝑝 bin interval centers in the first column and the corresponding number of peak positions obtained 

for each 𝐸𝑎𝑝𝑝 interval in the second column. The points in the experimental meta-histogram are displayed as blue 

circles in the main plotting window, which is bordered by the blue rectangle in Fig. 2. Also plotted in the same window 

as the measured meta-histogram is a function consisting of a sum of Gaussians. The positions of all the Gaussian 

means are completely determined by three geometric variables, i.e., 𝐸𝑝 , 𝛼, and 𝑟1 𝑟2⁄ , which define the shape of a 

parallelogram-shaped oligomer. Finally, two vertical colored lines are also displayed in the main plotting window. 

The blue and red vertical lines indicate the FRET efficiency location of two different donor/acceptor dimers which 

could form as a result of the tetramer splitting along either the horizontal (red line) or vertical (blue line) axis. An 

illustration of the two types of dimers is shown in the Tetramer Splitting Into Dimers panel of Fig. 2. The locations of 

the vertical lines serve as a guide for assessing whether the sample was comprised of dimers and tetramers in 

equilibrium, as the presence of either one of the dimers would show up in the meta-histogram as an additional peak, 

or an enhancement of one of the tetramer peaks, at the location of the corresponding vertical line. 

 
Fig. (2). Graphical user interface of the program used to extract the quaternary structure of a protein complex from 

meta-histograms. Measured meta-histograms are plotted in the main plotting window (enclosed by the blue rectangle); 

the data are represented by solid blue circles.  The solid black line represents a sum of Gaussians with each individual 

Gaussian (represented by solid lines of various colors) corresponding to the 𝐸𝑘,𝑞  values of different configurations of 

the parallelogram-shaped tetramer model, which is pictured in the Geometrical Model window in the upper right 

hand corner. The positions of all the Gaussian peaks are completely determined by three geometric variables which 

define the size and shape of the parallelogram, i.e., 𝐸𝑝 , 𝛼, and 
𝑟1

𝑟2
⁄ ; these three parameters can be adjusted by the 

slider bars and the dial in the Geometric Variables panel (enclosed by the green rectangle). Finally, the amplitude 

(Amp) and standard deviation (SD) of each individual Gaussian can be adjusted by the corresponding slider bar in the 

Statistical Variables section (enclosed by the red rectangle). The simulated curve updates in real time when any of 

the controls for statistical or geometric variables are adjusted. This program is available for use and can be downloaded 

from the following link (https://figshare.com/s/d56b6b8678e2f41db6d6). 

The values for the three geometrical parameters describing the model are controlled via slider bars and dials 

on the program GUI, as indicated in the Geometric Variables panel of Fig. 2. Modifying these geometrical parameters 

https://figshare.com/s/d56b6b8678e2f41db6d6
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will update the Gaussian peak positions of the simulating function. The amplitudes and standard deviations of the 

various Gaussian functions can also be controlled from the program GUI. The user first achieves a “rough fit” of the 

meta-histogram by manually adjusting the geometrical parameters of the model as well as the amplitude and standard 

deviation of each of the assigned Gaussians. Once an approximate fit is achieved, an automated minimization 

algorithm can be applied to fine-tune the fitting. The reason the fitting is first attempted manually by the user is because 

the fitting parameter space is quite large, and the minimization algorithm applied by itself is susceptible to falling into 

a local minimum. Future updates to the program will include more flexibility with regard to the geometrical model 

chosen, including the option for choosing different oligomer sizes and shapes.  

2.6.  Effect of ligand binding on the quaternary structure of sigma-1 receptors 

The method of FRET Spectrometry was applied to fluorescence images acquired of  COS-7 cells expressing the sigma-

1 receptor (S1R) in order to gauge the effect of various ligands on the quaternary organization of S1R [58]. S1R is a 

transmembrane chaperone protein primarily found in the endoplasmic reticulum, but, upon stimulation with agonist, 

S1R can translocate to the plasma membrane to interact with ion channels and other receptors, including GPCRs. S1R 

is regulated by various synthetic molecules acting as either agonists, e.g., pentazocine, or antagonists, e.g., haloperidol.  

Meta-histograms for S1R-expressing cells are shown in Fig. 3 for unliganded (Fig. 3A), pentazocine-treated 

(Fig. 3B), and haloperidol-treated cells (Fig. 3C). The meta-histograms, which present several uniformly spaced peaks, 

were found to be best fitted with a model incorporating a mixture of monomers and dimers. In this model, the number 

of predicted peaks in the meta-histogram scales linearly with the average number of donors present in a given pixel. 

Therefore, only regions in the cell with low expression levels can be properly analyzed; when too many peaks are 

present, the amount of overlap between them causes the meta-histogram to lose the identifying features needed to 

resolve the oligomeric structure. An illustration of the various combinations of monomers and dimers, along with the 

corresponding 𝐸𝑎𝑝𝑝 values which give rise to the various peaks in the meta-histogram are shown in Fig. 4D. The best 

fit value for the pairwise FRET efficiency of the donor-acceptor dimer was found to be 𝐸𝑝=0.433 for the unliganded 

cells; this value did not change significantly when the cells were treated with either pentazocine (𝐸𝑝=0.435) or 

haloperidol (𝐸𝑝=0.435). 

Upon inspection of the FRET spectrograms obtained from individual S1R-expressing cells, it was found that 

a number of cells with higher expression levels exhibited apparent FRET efficiency values larger than the pairwise 

FRET efficiency value, 𝐸𝑝=0.435, extracted from the meta-histogram fitting. This finding indicated the presence of 

higher order oligomers present in some of the cells, as the highest FRET efficiency value attained in a mixture of only 

monomers and dimers is the pairwise FRET efficiency of the donor-acceptor pair, 𝐸𝑝 (see Fig. 4D). Therefore, in 

order to gauge the S1R interaction properties at higher receptor concentrations, averages of 𝐸𝑎𝑝𝑝 were determined for 

entire cells and plotted against the average number of donor-tagged receptors within the corresponding cell. By 

qualitatively examining the behavior of cellular averages of 𝐸𝑎𝑝𝑝 at the lower and higher end of the measured 

concentration range, information on the smallest and largest oligomeric structure in the system could be ascertained. 

At the lower end of the concentration range, 𝐸𝑎𝑝𝑝 values were never higher than 𝐸𝑝, suggesting that the largest 

oligomer structure in this concentration range was a dimer; this was true for all samples investigated. However, at the 

higher end of the donor concentration range, 𝐸𝑎𝑝𝑝 values were more broadly distributed and exceeded the value of 𝐸𝑝 

in a number of the samples, indicating that S1R most likely formed dimers as well as higher order oligomers. 

Specifically, the results indicated that in untreated cells, S1R was present in monomeric, dimeric, and even higher 

order oligomeric forms. Addition of haloperidol stabilized the S1R in the higher oligomeric state, as higher values and 

a larger spread in 𝐸𝑎𝑝𝑝 values was observed in these cells compared with the untreated ones. Pentazocine had the 

opposite effect, as the highest attained value of 𝐸𝑎𝑝𝑝 was 𝐸𝑝, indicating that Pentazocine stabilized the dimer formation 

and prevented formation of higher order oligomers. 

A number of key takeaways can be made from the results of the FRET based study of S1R: (i) using FRET 

spectrometry, it was found that the most prevalent oligomeric structure formed by S1R was dimeric in form, and that 

the relative distances between protomers within this dimer remained unchanged after ligand binding. (ii) A 

combination of this structural information with observations gleaned from a qualitative introspection of FRET 

efficiency values obtained from averages over entire cells proved quite valuable, as it gave insight into the relative 
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proportion of monomers and different-sized oligomeric species comprising the system as a function of treatment with 

various ligands. The latter takeaway led to the development of a more rigorous combination of FRET spectrometry 

with average-based approaches, the likes of which will be discussed in the next section. 

 

Fig. (3). FRET spectrometry results obtained from COS-7 cells expressing sigma-1 receptors labeled with one of 

GFP2 or YFP in the absence of ligand (-L) or in the presence of either an S1R agonist (pentazocine) or antagonist 

(haloperidol). Figure was adapted from Mishra et al. in Biochemical Journal 2015 [58]. (A-C) Representative two-

dimensional maps of the (A) fluorescence of donors in the presence of acceptors (𝑘𝐷𝐴) and (B) acceptors in the 

presence of donors (𝑘𝐴𝐷). The two-dimensional maps of 𝑘𝐷𝐴 and 𝑘𝐴𝐷were used to compute the (C) apparent FRET 

efficiency (𝐸𝑎𝑝𝑝) for each pixel according to eq. (5). (D-F) Experimentally determined meta-histograms (blue circles) 

obtained from COS-7 cells expressing S1R receptors which were (D) unliganded, (E) treated with haloperidol 

(antagonist), and (F) treated with pentazocine (agonist). Each meta-histogram was simulated (solid black line) using 

correlated Gaussian functions (shown individually with various colored lines) and as a sum (thick black line). The 

centers of each of the Gaussians was predicted by the theoretical model consisting of dimers and monomers, which is 

illustrated in (G). The best-fit value for the pairwise FRET efficiency for each of the samples was: (D) 𝐸𝑝=0.433 (E) 

𝐸𝑝=0.435 and (F) 𝐸𝑝=0.435 (G) Geometrical configurations and corresponding 𝐸𝑎𝑝𝑝 values for mixtures of dimers 

and donors. Donor and acceptor molecules are shown by green and yellow circles, respectively. A number of different 

combinations of donors and dimers can give rise to the same 𝐸𝑎𝑝𝑝 value; each such individual combination is bordered 

by a red-dashed rectangle. Combinations which give rise to the same 𝐸𝑎𝑝𝑝 value are grouped together by braces, with 

their corresponding 𝐸𝑎𝑝𝑝 value underneath the brace. The number of predicted 𝐸𝑎𝑝𝑝 values increases proportionally 

with the average number of donors. Each of the meta-histogramss in (D-F) was fit with a sum of nine Gaussian 

functions. 
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2.7. Combined analysis of FRET spectrograms and abundance spectra of 𝑬𝒂𝒗𝒆 

A combination of the FRET spectrometry approach with analysis of the abundance spectrum of average FRET 

efficiencies has led to the determination of the relative proportion of oligomers formed by two different GPCRs, i.e., 

opsin [32] and the sterile 2 alpha factor receptor (ste2) [38]. Combining the two approaches capitalizes on the 

capability of FRET spectrometry in determining the dominant quaternary structure, and thereby the relevant 

geometrical parameters, of the protein of interest. The geometrical parameters obtained from fitting of the meta-

histogram in FRET spectrometry are input and fixed when fitting the abundance spectrum of the average FRET 

efficiency, a procedure which is briefly described below.  

An average value of FRET efficiency, 𝐸𝑎𝑣𝑒 , is determined for each segment (see Section 2.4 for definition 

of segment) by inserting average values of 𝐹𝐷𝑎 and 𝐹𝐴𝑑 , computed over all the pixels in the segment, into eq. (5). 

Likewise, in the same segment, the average 𝐹𝐷𝑎 and 𝐹𝐴𝑑  values are used to calculate the average concentration of 

both donors and acceptors [38] in the segment. The donor and acceptor concentration values are then used to calculate 

the fraction of total fluorophores which are acceptors, 𝑋𝐴, for the given segment. A plot of 𝐸𝑎𝑣𝑒  vs 𝑋𝐴 is then 

constructed and simulated with a model predicting the FRET efficiency of a mixture of various sized oligomers, given 

by the following [43]: 

 𝐸𝑎𝑝𝑝,𝑡ℎ𝑒𝑜 =
1

∑ 𝑁𝐷,𝑛𝑛
∑ 𝑁𝐷,𝑛𝐸𝑎𝑝𝑝,𝑛𝑛 , (9) 

Here, 𝐸𝑎𝑝𝑝,𝑛 is the apparent FRET efficiency for a population of oligomeric complexes in which each complex has 

the same shape and size (n), given by: 

 𝐸𝑎𝑝𝑝,𝑛(𝑋𝐴) =
1

𝑛(1−𝑋𝐴)
∑ ∑ (1 − 𝑋𝐴)𝑘(𝑛

𝑘)

𝑞=1 𝑋𝐴
𝑛−𝑘𝑘𝐸𝑘,𝑞

𝑛−1
𝑘=1 , (10) 

where [𝑛(1 − 𝑋𝐴)]−1 is the average number of donors within a complex when averaged over all configurations the 

complex can take. Because 𝐸𝑎𝑝𝑝,𝑛 is defined as the energy transfer per donor in a complex of size n, each term in the 

summation of eq. (9) is weighted with the total number of donors participating in complexes of size n: 

 𝑁𝐷,𝑛 = 𝑛𝜇𝑛(1 − 𝑋𝐴). (11) 

where 𝜇𝑛 is the total number of oligomers of size n within the mixture.  

By fitting plots of 𝐸𝑎𝑣𝑒  vs. 𝑋𝐴 with eq. (9), and fixing the various 𝐸𝑘,𝑞  terms at values which were pre-

determined from the analysis of the meta-histograms, the only free parameters left for adjustment are the abundance 

of each of the different sized species, 𝜇𝑛, which can be extracted by achieving the best fit between eq. (9) and the data. 

Furthermore, by applying this fitting to 𝐸𝑎𝑣𝑒  vs. 𝑋𝐴 curves constructed from a number of different concentration 

ranges, and thereby obtaining 𝜇𝑛 values for each such range, the dissociation constant for the particular structure may 

also be determined.  

Using this combined FRET spectrometry and abundance spectra of 𝐸𝑎𝑣𝑒  approach, it was determined that 

opsin receptors expressed in Chinese hamster ovary (CHO) cells formed an equilibrium of dimers and tetramers at 

low concentration levels, and the ratio between the two, 
𝜇4

𝜇2
⁄ , increased with increasing concentration. By, fitting 

the dependence of 
𝜇4

𝜇2
⁄  with a model derived form the Law of Mass Action, it was found that the dissociation constant 

of the tetramer-to-dimer equilibrium was 87 molecules/𝜇𝑚2 [32]. As the concentration increased even further, the 

model used to fit the meta-histogram and 𝐸𝑎𝑣𝑒  vs. 𝑋𝐴 curves needed to incorporate octamers into the mixture of 

oligomeric complexes. In a separate study, yeast cells expressing fluorescently labeled ste2 formed primarily tetramers 

at the lowest measured concentration range (
𝜇4

𝜇2
⁄ > 1000). At higher concentrations, higher order oligomers started 

to appear, as the 𝐸𝑎𝑣𝑒  vs. 𝑋𝐴 curves were best fit with a mixture of tetramers and octamers (
𝜇8

𝜇4
⁄ = 1.38) [38]. 

As is evident from the preceding sections, FRET spectrometry provides a powerful means for gleaning the 

size and structure of the most dominant oligomer structure formed by fluoresecntly labeled membrane receptors. The 

main challenge in the FRET spectrometry approach is that it necessitates the implementation of a rather complicated 

analysis procedure due to the requirement that the fluorescence data must be acquired at relatively low protein 
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concentrations (< 25 molecules/pixel). At higher concentrations of molecules, mixtures of various possible 

configurations of an oligomer complex in a pixel removes the unique features present in the measured FRET 

spectrograms needed to identify the oligomer geometry. When this is the case, an alternative fluorescence-based 

method, which we describe in the subsequent section, may be used to obtain information regarding the average size 

and abundance of various oligomers in the sample. 

3. 2D FIF SPECTROMETRY 

3.1.  Overview of fluorescence fluctuation spectroscopy (FFS)-based methods 

In FFS-based approaches, fluorescence intensity fluctuations occurring due to fluorescently labeled molecules 

diffusing in and out of a microscope focal region are analyzed with various statistical methods to reveal properties of 

the molecules, such as the diffusion coefficient or aggregation state. Originally applied to quantify the diffusion of 

fluorescently labeled molecules in solution by analyzing the correlations between the intensity fluctuations, FFS-based 

approaches have been extended in recent decades to allow quantification of the abundance and interactions of the 

molecules, not only in solutions, but in living cells as well. The subset of FFS techniques which specialize in 

quantifying the abundance and interaction of biomolecules, such as Photon-Counting Histogram (PCH) analysis [59, 

60], Number and Brightness (N&B) analysis [61-63], and Spatial Intensity Distribution Analysis (SpIDA) [47, 64], 

rely on analyzing the moments of fluorescence intensity distributions obtained from the fluorescently labeled 

molecules. The crux of all the moment-based techniques is the relation between the molecular brightness, defined as 

the average detected signal of a single fluorescent molecule over a given time period, and the amplitude of the intensity 

fluctuations. To better understand this relationship between the molecular brightness and intensity fluctuations, picture 

a dimeric complex comprised of two identical fluorescent molecules diffusing in and out of the excitation volume of 

a laser scanning microscope. Movement of the dimeric complex through the focal region will cause a larger fluctuation 

in fluorescence signal than a monomer of the same fluorescent protein, simply due to the fact that there are twice as 

many fluorophores in the dimer compared to the monomer.   

The molecular brightness of a complex of fluorescently labeled proteins scales linearly with the size of the 

complex, e.g. a dimer has twice the molecular brightness of a monomer. Therefore, the set of moment-based FFS 

techniques, which extract the molecular brightness from distributions of fluorescence intensity, have been shown to 

be very effective for determining the size at which a protein complex forms [64-67]. However, when the relative 

proportion of the various states of a particular protein varies, e.g. as a function of concentration, these traditional FFS-

based approaches only provide average values of the oligomer size over the entire concentration range, and therefore 

may give different results on the stoichiometry of the protein complex which depends on the expression level of the 

sample. 

A recently developed moment-based technique, termed Two-Dimensional Fluorescence Intensity Fluctuation 

(2D FIF) Spectrometry [20], provides quantitative information on the size and stability of protein oligomers as a 

function of receptor concentration using intensity fluctuations resulting from variations in the molecular 

concentrations from pixel to pixel. In FIF spectrometry, molecular brightness values are calculated from small groups 

of pixels, or segments, and compiled into a distribution. Analysis of the brightness distributions, or spectrograms as 

they have been termed, as opposed to averaging brightness values over large regions, is advantageous in that the 

spectrograms preserve information regarding fluctuations in oligomer size occurring across the membrane. The 

brightness spectrograms can be unmixed, based on knowledge of a monomeric brightness spectrogram, to obtain the 

relative contribution of the different sized oligomeric species. A second advancement in 2D FIF is the extraction of 

individual protomer concentrations within an ensemble of oligomers. This allows the sorting of molecular brightness 

spectrograms as a function of concentration, enabling the generation of oligomerization kinetics curves, represented 

by the relative abundance of the monomers and various-sized oligomers comprising the sample as a function of the 

total concentration of molecules.   

The 2D-FIF approach may be implemented using standard laser scanning fluorescence microscopes. The 

only requirement is that the pixel dwell time be at least a factor of five times shorter than the characteristic diffusion 

time, 𝜏𝐷, of the receptor under study. The characteristic diffusion time is the average time a receptor molecule will 

reside within the measurement volume before diffusing out and is related to the laser beam waist, 𝜔𝑜, the diffusion 
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coefficient, D, and the dimensionality of the diffusion, d, through the following relation 𝜏𝐷 =
𝜔𝑜

2

2𝑑𝐷
. The laser beam 

waist is defined as the distance from the center of the focused beam to the location where the intensity of the beam 

drops to 𝑒−2 its maximum value. If the pixel dwell time is too long in comparison to the characteristic diffusion time 

of the molecule, then the fluctuations in number of molecules, and thereby fluorescence intensity, occurring from pixel 

to pixel will be averaged out due to molecules diffusing through the measuring volume within the span of a single 

measurement. 

In the following sections, we will describe in more detail the FIF spectrometry approach and specify how it 

is used to discern the oligomerization kinetics of the human secretin receptor (hSecR) as well as assess the effect on 

the oligomerization properties induced by exposure of the receptors to their endogenous ligands (secretin). 

3.2.  Calculation of molecular brightness and concentration for each image segment 

The 2D-FIF spectrometry method relies on collecting fluorescence images of cells expressing the receptor of choice 

fused to a fluorescence marker protein. Large regions of interest are drawn on individual cells in the fluorescence 

images and divided into smaller subregions, or segments, typically on the order of ~400 pixels2. A fluorescence 

intensity distribution is generated for each segment, from which the average, 〈𝐼𝑠〉, and variance of the distribution, 𝜎2, 

are computed by fitting the distribution with a single Gaussian function. The extracted average and variance of the 

intensity distribution is then used to calculate an “effective molecular brightness,” 𝜀𝑒𝑓𝑓, for the segment. Finally, the 

average intensity of the segment is divided by the effective molecular brightness of a single protomer, 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

, to 

determine the average concentration of receptors in that segment.   

The purpose of segmenting the large ROI into smaller segments is twofold: (i) calculating brightness and 

concentration from large pixel areas has the effect of averaging out fluctuations of concentration and oligomer size 

which may be occurring across the ROI, because only a single brightness value is obtained for each pixel area. (ii) 

segmentation effectively separates regions in the cell containing small groups of pixels, or “spots”, which contain a 

significantly higher average intensity than the pixels in their neighboring regions. Molecular brightness values 

calculated for these segments which contain high intensity spots skew very highly with respect to the distribution of 

brightness values constructed from all segments. However, the 2D FIF approach of deconvoluting such brightness 

distributions, detailed in section 3.3, naturally filters out these segments with artificially large molecular brightness 

values. Therefore, 2D FIF in essence applies a low-pass filter to the fluorescence images. This inherent low-pass 

filtering capability of 2D FIF was recently tested by applying 2D FIF on a set of fluorescence images before and after 

removing high-intensity spots from the images [68]. The relative proportions of the monomer and various oligomer 

species as a function of concentration remained the same regardless of whether the spot removal procedure was applied 

to the images. 

Two different segmentation methods are used in the 2D FIF approach: the moving square method and the 

simple linear iterative clustering (SLIC) [69-71] method. In the moving square method, the ROI is bordered by a 

rectangle that encompasses all vertices of the ROI. This bordering rectangle is broken into a number of smaller 

segments. Only the pixels which reside within the ROI polygon are included in the calculation of brightness and 

concentration for a particular segment. In order to avoid including segments with a number of pixels which is 

insufficient for accurately extracting molecular brightness and concentration, the minimum number of pixels a given 

segment must contain in order to be used for further analysis is set to be 200 pixels2. The moving square method has 

the benefit of executing very quickly. However, because of the need for excluding segments which do not reach the 

minimum pixel threshold, there are some pixels along the edges of the polygon which end up not being used. The 

SLIC segmentation method overcomes this drawback inherent to the moving square method by utilizing all pixels 

contained within the ROI. Initially, the SLIC algorithm breaks an ROI into smaller segment squares of length 𝑙𝑠 pixels. 

The center of mass, (xi, yi), of each segment is then calculated. Then, the pixels are reassigned to different segments 

based on a criterion that takes both pixel location and intensity into account. The center of mass of each segment, 

which changes as a result of the pixel reassignment, is then recalculated. The pixel reassignment procedure is repeated 

until the algorithm converges, i.e., pixels are no longer being reassigned to different segments. The drawback to the 

SLIC segmentation method is that it takes longer to implement than the moving square method. 
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By scanning a large number of cells, tens of thousands of segments are collected, and an effective brightness 

and concentration is calculated for each. The molecular brightness, 𝜀, is computed from the background corrected 

average intensity, 〈𝐼𝑠〉, and variance, 𝜎2, of the measured intensity values in a particular segment, according to the 

following relation: 

 𝜀𝑒𝑓𝑓 =
𝜎2−𝜎𝐷

2

𝛾〈𝐼𝑠〉
 (12) 

where 𝜀𝑒𝑓𝑓 ≡ 𝐺𝜀  and 𝐺 is the analog gain of the fluorescence microscope detector in digital levels /photon. 𝛾 is a 

shape factor which depends on the shape of the laser PSF as well as the geometry of the sample [59]. The variance 

arising due to the detector, 𝜎𝐷
2, is subtracted from the total measured variance in order to ensure that the fluctuations 

in intensity that are quantified are solely due to that of molecules diffusing in and out of the beam. The detector 

variance can be obtained from separate measurements of a constant intensity light source, where the constant 

illumination source can be achieved in a number of ways: (i) laser spot scanning the surface of a mirror slide in the 

plane of focus of the microscope or (ii) turning on a transmitted light illuminator during acquisition. In either case, 

scans need to be acquired for a range of light intensity levels. Both the variance and mean intensity from small 

subregions of the scans taken of the constant light source need to be collected and graphed in the form of a scatter plot 

of the variance vs average intensity. The relationship between the detector variance and intensity is approximately 

linear, and therefore the scatter plot can be fit with a straight line of slope S and intercept 𝜎𝑜
2. The variance arising due 

solely to the detector, 𝜎𝐷
2, is then calculated by the following:  

 𝜎𝐷
2(〈𝐼𝑠〉) = 𝜎𝑜

2 + 𝑆〈𝐼𝑠〉 (13) 

The background corrected intensity, 〈𝐼𝑠〉, can be obtained for each measurement by subtracting the intensity readout 

from the detector when there is no sample present, 𝐼𝑏𝑎𝑐𝑘, from the total signal readout from the detector in the region 

of interest, 𝐼𝑚𝑒𝑎𝑠, as follows:  

 𝐼𝑠 = 𝐼𝑚𝑒𝑎𝑠 − 𝐼𝑏𝑎𝑐𝑘  (14) 

𝐼𝑏𝑎𝑐𝑘  can be determined by measuring the mean intensity in multiple regions of the acquisitions where there are no 

cells/fluorophores present. 

 The total number of protomers, 𝑁𝑝𝑟𝑜𝑡𝑜, can be found from the measured intensity, as follows: 

 𝑁𝑝𝑟𝑜𝑡𝑜 =
〈𝐼𝑠〉

𝜀
𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜, (15) 

 where 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

 is the molecular brightness of a single protomer. 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

 must be determined from applying eq. (12) to 

separate measurements on samples expressing a monomeric form of the fluorophore, using the exact same imaging 

conditions which were used to collect images of cells expressing the fluorescently labeled receptor of interest. The 

concentration of protomers, C, is determined by the following equation: 

 𝐶 =
〈𝐼𝑠〉

𝜀
𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

V𝑃𝑆𝐹
 (16) 

Here, V𝑃𝑆𝐹  is a volume-like quantity calculated by integrating over the point-spread function (PSF) of the focused 

laser beam: 

 V𝑃𝑆𝐹 = ∭ 𝑃𝑆𝐹x(𝑥, 𝑦, z)𝑑𝑥𝑑𝑦𝑑𝑧 (17) 

The exponent x is 2 for single-photon excitation and 4 for two-photon excitation. By assuming a Gaussian-Lorentzian 

spatial profile for the laser PSF and measuring the 𝑒−2 laser beam waist at the focal plane (𝜔0
2), the volume integral 

of eq. (17) can be evaluated.  It should be noted that V𝑃𝑆𝐹  is not a volume in the traditional sense, in that it does not 

provide definitive boundaries where molecules outside of the volume do not contribute but molecules within the 

boundary do contribute to the measured signal. The actual volume which encompasses fluorescent proteins 

contributing to the measured signal will be larger than V𝑃𝑆𝐹 . However, due to the non-uniform distribution of the laser 

intensity, molecules located away from the center of the laser focus contribute less to the measured signal than 

molecules located at the center. Therefore, to determine the correct concentration of molecules from the measurement 

of average intensity, 〈𝐼𝑠〉, one must account for this non-uniform laser intensity; this is accomplished mathematically 

by V𝑃𝑆𝐹  taking the form in eq. (17). 
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For fluorescence measurements performed on the basal membranes of cells expressing membrane proteins, 

we assume that all the fluorescent molecules are bound to the membrane and are together positioned within the focal 

plane of the laser beam at z = 0. Under this condition, the value of the shape factor, 𝛾, needed to calculate 𝜀𝑒𝑓𝑓 in 

equation (12) becomes 𝛾 = 0.5. The concentration of the molecules in the membrane, 𝐶𝑚, then becomes the number 

of molecules per unit area, and is given by: 

 𝐶𝑚 =
〈𝐼𝑠〉

𝜀
𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

A𝑃𝑆𝐹
 (18) 

where A𝑃𝑆𝐹 = ∬ 𝑃𝑆𝐹x(𝑥, 𝑦, 0)𝑑𝑥𝑑𝑦. For a Gaussian-Lorentzian PSF, A𝑃𝑆𝐹 can be evaluated analytically, with 

𝐴𝑃𝑆𝐹 =
𝜋𝜔0

2

2
 for single-photon excitation and V𝑃𝑆𝐹 =

𝜋𝜔0
2

4
  for two-photon excitation.  

3.3.  Deconvolution of molecular brightness distributions to obtain species fraction plots 

The collection of brightness and concentration values from each segment in a population of cells is used to assemble 

a 2D map of all the effective brightness-concentration pairs. From this collection of brightness-concentration pairs, 

effective brightness distributions, or spectrograms, can be generated for a number of different protomer concentration 

ranges. Each brightness spectrogram is comprised of contributions from different sized oligomers, and it may be 

decomposed to find the fraction of total protomers, or relative abundance, present in each of the different sized 

oligomer species relative to the total number of protomers in the sample.  

To extract the species fraction information from each brightness spectrogram, effective brightness values 

must first be generated from measurements on cells expressing a monomeric form of the fluorescent marker as well 

as cells expressing a tandem dimer of the fluorescent marker. The monomer and dimer brightness distributions are 

used as standards from which the brightness distribution for any oligomer of size n can be predicted, as the peak value 

of the brightness distribution from an oligomer of size n will be simply scaled by the size of the oligomer relative to 

the peak of the monomeric distribution. Fitting of the monomer and dimer brightness standards is illustrated in Fig. 

4A and 4B.  

The composite brightness spectrograms are then “unmixed”, with the unmixing components consisting of the 

various predicted oligomer brightness distributions, according to the following equation:  

 𝑆(𝜀𝑒𝑓𝑓) = ∑ 𝐴𝑛𝑒𝑥𝑝𝑛 [−
(𝜀𝑒𝑓𝑓−𝑛𝜀𝑒𝑓𝑓

𝑝𝑟𝑜𝑡𝑜
)

2

2𝜎2 ] (19) 

The mean value of each Gaussian function, 𝑛𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

, corresponds to the peak brightness value from a particular 

oligomer size n; these mean values are all linearly related to a multiple of the monomeric molecular brightness. The 

value of  𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

 and 𝜎2 are determined from the monomeric and dimeric brightness standards, described in the previous 

paragraph, and held fixed during the fitting. The species fraction for a particular oligomer size is then computed as the 

fraction of area that its corresponding Gaussian occupies underneath the composite spectrogram:  

 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑛 =
𝑛𝐴𝑛

∑ 𝑛𝐴𝑛𝑛
 (20) 

After unmixing the brightness spectrograms obtained from a number of concentration ranges, the trajectory of the 

species fraction values obtained for each oligomer size is plotted as a function of concentration. Examples of a 

deconvoluted brightness spectrogram and species fraction plot are given in Fig. 4C and 4D, respectively.  
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Fig. (4). 2D FIF analysis of  𝜀𝑒𝑓𝑓 distributions. Figure was adapted from Stoneman et al. in Nature Methods 2019 [20] 

(A-B) Normalized frequency distribution assembled from 𝜀𝑒𝑓𝑓 values obtained from cells expressing plasma 

membrane-targeted (A) monomeric (PM-1-mEGFP) or (B) tandem dimer (PM-2-mEGFP) mEGFP constructs. The 

distributions shown in (A) and (B) were simultaneously fitted to a sum (solid black curves) of Gaussians (dashed lines 

with various colors).  Because the molecular brightness of an oligomer complex scales linearly with the size of the 

oligomer, the means of each of the Gaussians used in the fitting were set equal to the brightness value of a single 

monomer, 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

, times a multiplicative factor n, where n represents the size of the oligomer that particular Gaussian 

corresponds to (e.g., 1, 2, 4, etc.). Therefore, the peak locations of all the Gaussians used in the fitting were dictated 

by a single parameter, 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

, which was allowed to vary freely during the fitting process. The standard deviations of 

each of the Gaussians were set equal to a single value, 𝜎, and this value also allowed to vary freely during the fitting. 

The values of 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

=13.04 and the standard deviations of the Gaussians, 𝜎=13.4, which resulted in the best fit were 

then used to fit brightness distributions obtained from mEGFP tagged secretin receptors, an example of which is shown 

in (C). The vertical red and yellow dashed lines indicate positions of 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

and 2𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

, respectively. (C) Normalized 

frequency distribution assembled from 𝜀𝑒𝑓𝑓 values obtained from cells expressing mEGFP tagged secretin receptors. 

Only the Gaussian amplitudes (𝐴𝑛) were adjusted in the process of data fitting; the values of 𝜀𝑒𝑓𝑓
𝑝𝑟𝑜𝑡𝑜

 and 𝜎 were held 

fixed after being determined from the monomeric and dimeric brightness standards shown in (A) and (B). The area 

underneath the ith Gaussian (relative to the area underneath the entire distribution), 
𝑛𝐴𝑛

∑ 𝑛𝐴𝑛𝑛
, indicates the fraction of 

total protomers, or species fraction, that the corresponding oligomeric species comprises. (D) Species fraction values 

for oligomers of size n = 1,2,4,6 and 8 obtained by performing the spectrogram deconvolution procedure shown in 

(C) for a number of concentration ranges. 
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3.4. Program for applying 2D FIF 

The FIF Spectrometry Suite, a user-friendly software package which is available for download at the following link 

(https://figshare.com/s/acfd94b21b1105317f56), has been developed for applying 2D FIF to fluorescence images. A 

commercial version of the suite, which includes a number of additional useful features, is in the final stage of 

development and testing and will become available in the near future. The entire analysis procedure, from segmenting 

regions of interest, to calculating brightness and concentration values in each segment, to generating kinetic curves of 

the relative abundance of various oligomeric species, may be performed using the FIF Spectrometry Suite. The 

software is broken up into three modules, each of which are responsible for implementing a different part of the FIF 

analysis. The three modules are entitled: ROI Manager, Fluctuation Data Assembly, and Model Fitting.  

 

Fig. (5). Various modules of the FIF Spectrometry Suite, a software package for applying 2D FIF to fluorescence 

images, available for download at the following link (https://figshare.com/s/acfd94b21b1105317f56). (A) The Main 

Toolbar of the FIF Spectrometry Suite, which contains buttons responsible for launching one of the three modules of 

the suite. Each module is responsible for implementing a different part of the FIF spectrometry analysis. The three 

modules are entitled: (B) ROI Manager, (C) Fluctuation Data Assembly, and (D) Model Fitting. The main functions 

of the ROI Manager Module, displayed in (B), include loading a set of fluorescence images, drawing ROI polygons 

to define the boundaries of entire cells within the images, and segmenting each ROI into smaller regions (segments). 

The ROI polygons and segments are stored in a list box (located in the ROI manager window) as they are generated; 

each ROI and corresponding segments can be viewed on the fluorescence image on which it was drawn. The main 

functions of the Fluctuation Data Assembly Module are to calculate the effective brightness and concentration for 

each demarcated segment of the fluorescence images, create a two-dimensional surface plot of the frequency of 

occurrence of each effective brightness-concentration pair, and generate a brightness spectrogram for a number of 

concentration ranges, as displayed in (C). The Model Fitting Module contains the machinery to fit the effective 

brightness spectrograms with an array of Gaussian functions using the Fitting window, which is shown in (D).  

The main functions of the ROI Manager Module, displayed in Fig. 5B, include the tools to draw ROI 

polygons on fluorescence images, and segment each ROI into smaller regions (segments). The ROI polygons and 

segments are stored in a list box (located in the ROI manager window) as they are generated; each ROI and 

corresponding set of segments can be viewed on the fluorescence image on which it was drawn by simply clicking on 

the name of the ROI in the list box. The ROI and segment lists can be saved to a file and reloaded at any point using 

icons located in this module. The demarcated segments are used in the Fluctuation Data Assembly Module described 

below.  

https://figshare.com/s/acfd94b21b1105317f56
https://figshare.com/s/acfd94b21b1105317f56
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The main functions of the Fluctuation Data Assembly Module are to calculate the effective brightness and 

concentration for each demarcated segment of the fluorescence images, create a two-dimensional surface plot of the 

frequency of occurrence of each effective brightness-concentration pair, and generate a brightness spectrogram for a 

number of different concentration ranges (displayed in Fig. 5C). The brightness spectrograms are used for further 

analysis in the third module, as described below. The brightness and concentration information, as well as any of the 

generated plots, can be saved to a file and reloaded at any time. 

The Model Fitting Module contains the tools to fit the effective brightness spectrograms, generated in the 

Fluctuation Data Assembly Module, with an array of Gaussian functions. The mean value of each Gaussian function 

used in the fitting corresponds to the peak brightness value from a particular oligomer size, and the area of each 

gaussian (relative to the area underneath the entire spectrogram) reflects the relative abundance of the particular 

oligomer corresponding to that Gaussian.  Each histogram can be fit using the Fitting Window (displayed in Fig. 5D) 

which is launched from within this module; the Fitting Window allows the user to either adjust the parameters of each 

Gaussian manually, or fit the curve automatically with the push of a button. The species fraction values resulting from 

the fitting of each spectrogram can be saved to a file in this module. 

3.5.  Effect of ligand binding on the relative abundances of secretin receptor oligomers as obtained using 2D 

FIF 

Besides being used for evaluating the extent of oligomerization as a function of receptor concentration, as illustrated 

in Fig. 4, 2D FIF may also be applied to assess the effects of ligand-inducing shifts in the oligomeric size of membrane 

receptors of interest. In a recent publication, Stoneman et al. [20] investigated the effect of the secretin agonist on the 

oligomerization properties of the wild type secretin receptor (SecR), a class B GPCR  [72]. Cells expressing SecR-

mEGFP fusion proteins in their plasma membrane were imaged in the absence and presence of secretin agonist for 

various incubation times. 2D FIF analysis was applied to the fluorescence images, with the results shown in Fig. 6A-I. 

The first observation we can make from inspection of the brightness spectrograms of Fig. 6 is that the spectrograms 

became broader as the expression levels of SecR increased, both for untreated and ligand-treated cells; this broadening 

indicates an increase in oligomer size with increasing concentration. Species fraction plots were generated by 

unmixing the brightness spectrograms generated according to the procedure described in Section 3.3. The species 

fraction plots confirm the observation of increasing oligomer size as a function of concentration. For the untreated 

cells, monomers (indicated by the red solid curve in Fig. 6C) were the most prevalent species at the low expression 

levels, but decreased in relative abundance as the concentration increased; this decrease in monomer species fraction 

coincided with an increase in the relative number of protomers forming dimers and tetramers. A similar shift in 

equilibrium occurred when the cells were treated with ligand. At the lowest concentration, the relative number of 

monomers decreased to ~0 as the incubation time with secretin increased to 30 minutes. In turn, the number of dimers 

and tetramers increased with the addition of ligand. At higher concentrations, treatment with ligand appeared to induce 

the formation of higher order oligomers, as tetramers and octamers started to become prevalent in the species fraction 

plots. 
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Fig. (6). 2D-FIF results obtained from cells expressing wild-type secretin receptor tagged with mEGFP in the absence 

of agonist ligand (-L) or after ten- or thirty-minute treatment with 100 nm ligand (+L). Figure was originally published 

by Stoneman et al. in Nature Methods 2019 [20] (A), (D), (G), Surface plots of the frequency of occurrence of 𝜀𝑒𝑓𝑓 

for each concentration of protomers. (B), (E), (H), Stacks of cross sections through the surface plots in panels (A), 

(D), and (G), respectively, i.e., frequency of occurrence vs. effective brightness for different concentration ranges; the 

midpoint for each concentration range (in protomer/μm2) is indicated above each plot. The vertical dashed lines 

indicate the peak positions for the brightness spectra of monomers, dimers, etc., obtained from (or predicted by) the 

simultaneous fitting of the monomeric and dimeric constructs used as standards of brightness. (C), (F), (I), Relative 

concentration of protomers within each oligomeric species vs. total concentration of protomers, as derived from 

unmixing of the curves in (B), (E), and (H), respectively, into different Gaussian components. Samples were as 

follows: wild-type secretin receptor treated with vehicle (-L) (first row of graphs), secretin (+L) for 10 minutes (second 

row of graphs), or secretin (+L) for 30 minutes (third row of graphs).  

4. CONCLUSION 

Discovery of physiologically relevant membrane receptor oligomers has intensified the need for methods to accurately 

determine protein oligomer states in living cells. Quantifying oligomerization on a receptor-specific basis may yield 

important insights into the physiological consequences of oligomerization in physiologically normal conditions as 

well as in disease. Identifying the size and structure of protein oligomers also opens the door for improved 

pharmacological intervention. For example, designing a potential drug to bind more efficiently to a pair of receptors 

which are known to be dimeric (or multimeric) could help improve the drug’s efficacy and reduce side effects. To this 

end, reliable methods for probing the association of cellular receptors in cells are needed for a better understanding of 
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membrane receptor function and for the development of effective therapies that target protein-protein interactions. In 

this report, we have reviewed two recently developed methods which have proven valuable for providing information 

on the extent of protein interactions in living cells, FRET Spectrometry and FIF Spectrometry. In FRET Spectrometry, 

the geometry and stoichiometry of protein oligomers are determined by analyzing pixel level distributions of FRET 

efficiency with oligomeric models of various quaternary structures. In FIF Spectrometry, spatial fluctuations of protein 

molecules are analyzed with statistical methods to reveal quantitative information on the size and stability of protein 

oligomers as a function of receptor concentration. Both methods may be used to study the oligomerization properties 

of not only GPCRs, but also of other types of cell surface receptors, e.g., enzyme-linked receptors and ligand-gated 

ion channels, as long as the receptors of interest may be labeled with one or two fluorescent proteins.  

The determination of the quaternary structure and interaction strength of protein complexes, which can be 

obtained by probing the association of cellular receptors with the two methods described in this manuscript, can aid 

the clinical development of drugs at multiple stages in the drug discovery process, as summarized below. Knowing 

the strength (i.e., stability) of the interaction is very important at the very start of the drug discovery process for 

determining whether a particular receptor is a good drug target candidate. This is particularly true in the design of 

protein-protein interaction inhibitors which are designed to bind to and block the binding interface of the target. 

Finding a drug which targets the interface of very stable oligomers is a difficult task, because the most probable way 

to inhibit this type of interaction is to identify compounds that act during protein synthesis. However, it is more feasible 

to identify compounds which modulate the interactions of more transient complexes. Therefore, information regarding 

the stability of the interaction, obtainable using the methods described in this paper, is valuable information needed at 

the start of the drug design process to gauge the “druggability” of a potential target. Once a potential drug target is 

identified, the experimentally obtained protein quaternary structure can accelerate the design stage of the discovery 

process. By combining the quaternary structure of the protein complex with the crystal structures of the individual 

protomers of the oligomer, the binding interfaces, i.e., the surface regions of the proteins which interact with another, 

between protomers can also be determined. Identification of the amino acids at the protein-protein interface which 

play the largest role in the intermolecular interaction, and thereby contribute most to the free energy of the interaction, 

helps streamline the discovery process because potential compounds containing chemical groups that mimic the key 

contacts made at the protein interaction interface can then be designed. Finally, once an array of potential compounds 

has been designed and synthesized, resolving the interaction properties, e.g., size and structure, of an oligomer formed 

by the corresponding drug target greatly enhances the screening of the compounds to determine if they are effective 

at modifying the interaction properties of said target. A number of clinical assays can indicate whether a potential drug 

compound binds to the target protein, but do not show whether such binding modifies the interaction. Therefore, 

quantification of the interaction properties of the protein complex provides useful insight for assessing the efficacy of 

the potential compound. 

One promising area of development with regard to the two techniques presented in this manuscript would be 

to combine them such that they are “simultaneously” applied to the same fluorescence images. FRET spectrometry is 

ideally suited to measure intramolecular distances between protein subunits in a complex, and hence it can deliver 

information on the proteins quaternary structure. However, this method can be time-intensive because of a lengthy 

analysis procedure which includes the fitting of many types of oligomer size and shape models, which sometimes can 

give inconclusive results due to multiple models fitting the data equally well. Conversely, FIF spectrometry extracts 

information on the average receptor oligomer size but does not provide any information on the quaternary structure. 

Therefore, FIF adds valuable complementary information to FRET spectrometry, in that it can reduce the number of 

models needed to be tested. It has been proposed that these techniques could be further refined and potentially merged 

in order to simplify the experimental protocol for extraction of concentration and energy transfer information 

simultaneously [73, 74]. The combination of the methods of FIF and FRET spectrometry would allow for not only the 

extraction of equilibrium association/dissociation constants characterizing the equilibrium between oligomeric 

species, but also the determination of the inter-protomer distances within the oligomers. Changes in the equilibrium 

constants and/or inter-protomer distances of the oligomers may then be probed after treating the receptors with various 

agonists, antagonists, and inverse agonists. While it has been demonstrated that some, or all, of this information is 

attainable using either FIF or FRET spectrometry on their own, the combination of the two improve the resolution 

with which equilibrium constants and the inter-protomer distances of the protein complexes are determined, because 

simultaneously analyzing the two sets of complementary data help reduce ambiguity in the data fitting procedures. 



21 
 

Furthermore, the enhancement in efficiency of the analysis routine would in turn increase the throughput at which this 

information could be obtained, as the same fluorescence images are analyzed with both techniques, and therefore no 

increase in data acquisition time is needed to combine the two. The enhanced resolution by which the quaternary 

structure and strength of interaction of the protein complex can be determined and increase in throughput obtained 

from a combination of FRET and FIF spectrometry would make these techniques even more valuable in the area of 

characterizing membrane receptor oligomers for structure‐based drug design. 
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